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Anthocyanins have gained increased attention in recent years owing to their 
antioxidant capacity and the associated health benefits. Given their relatively low 
stability to several environmental factors, ensuring their stability during food 
processing is of particular interest. Hence, this study aimed to investigate the impact 
of food processing on the stability of anthocyanins in aqueous and semi-solid systems 
which cover most of the food systems.  
 
The stability of cyanidin-3-glucoside and cyanidin-3-rutinoside extracted and cleaned 
from black rice was investigated in aqueous systems within the temperature range 
from 100 °C to 165 °C. Cyanidin-3-glucoside exhibited a higher degradation rate than 
cyanidin-3-rutinoside. The antioxidant capacity of the two anthocyanins remained at 
the same level during the thermal treatments. Anthocyanins are also very sensitive to 
pH. The stability of the two anthocyanins decreased gradually with increasing pH. pH 
5.0 or 6.0 was found to be a transition pH range where the loss of the two 
anthocyanins was accelerated. The total antioxidant capacity of samples after thermal 
treatments was found to remain at a similar level. Many anthocyanin-containing foods 
are thermally processed to ensure their safety, and stored for some time before being 
consumed. Anthocyanin aqueous solutions thermally treated at higher temperatures 
lost color more easily than those heated at lower temperatures throughout storage. The 
antioxidant capacity of the anthocyanin aqueous solutions was stable at the storage 
xv 
temperature of 4 and 25 °C. 
 
Anthocyanin-rich black rice powder (ABRP) was incorporated into bread. The two 
anthocyanins exhibited lower degradation rates in the bread system than that in 
aqueous system. The quality of bread with 2% of ABRP was not significantly 
different from the control bread; however, increasing the ABRP level to 4% caused 
less elasticity and higher density of bread. The digestion rates of bread with ABRP 
were found to be reduced. Similarly, the degradation of cyanidin-3-glucoside in 
biscuits with 2% ABRP was faster than that in biscuits with 4% ABRP, but all were 
much lower than that in an aqueous system. The antioxidant capacity of biscuits 
throughout storage remained at the same level regardless of the degradation of 
anthocyanins. The incorporation of anthocyanins into biscuits could also retard lipid 
oxidation, and was more effective than butylated hydroxyanisole (BHA). The four 
anthocyanins in ABRP showed competitive inhibition against pancreatic α-amylase, 
with cyanidin-3-glucoside exhibiting the highest inhibition activity. Molecular 
docking study showed that cyanidin-3-glucoside, cyanidin-3,5-glucoside, 
cyanidin-3-rutinoside, and peonidin-3-glucoside occupied the active site of pancreatic 
α-amylase forming hydrogen bonds, and GLU233 was the key chain side for 
implementing the inhibition activity.  
 
Results of this study provide an in-depth understanding of the stability and bioactivity 
of anthocyanins. The results of this study may serve as a guideline for food 
xvi 
manufacturers to produce anthocyanins-containing functional foods, and would help 
reduce anthocyanins loss and achieve a desired amount of anthocyanins in the foods 
with extra health benefits.   
xvii 
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Being known for centuries as “colored cell sap”, in 1835, anthocyanins were first 
named by German botanist Ludwig Marquart from the Greek words of anthos (means 
flower) and kyanos (means blue) (Boldt, Meyer, & Erwin, 2014). Nowadays, 
anthocyanins are recognized as a group of phenolic compounds that are natural 
water-soluble bioactive compounds and are responsible for many of the orange, red, 
violet and blue colors observed in nature (Pazmiño-Durán, Giusti, Wrolstad, & Glória, 
2001b). The basic structure of anthocyanins consists of two or three chemical units: 
anthocyanidin (an aglycon base), sugar(s) (glycone), and organic acid(s) in the case of 
acylated anthocyanins. Through glycosylating or acylating different sugar moieties 
and phenolic or aliphatic acids, an anthocyanindin can yield different types of 
anthocaynins (Bueno, Sáez-Plaza, Ramos-Escudero, Jimenez, Fett, & Asuero, 2012).  
 
To date, over 700 anthocaynins have been identified from various plants; however, 
there are merely about 23 anthocyanidins (Andersen & Jordheim, 2014). Among them, 
the six anthocyanidins that are found to be ubiquitously distributed in plants, are 
cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin (Clifford, 2000; 
Wu, Beecher, Holden, Haytowitz, Gebhardt, & Prior, 2006). The widespread 
glycoside derivatives found in nature are 3-monosides, 3-biosides, 3,5-, and 
1 
3,7-diglucosides. The 3-glucoside derivatives are found to be about 2.5 times more 
frequent than the 3,5-diglucosides (Kong, Chia, Goh, Chia, & Brouillard, 2003). 
Besides, the most predominant anthocyanins which are discovered in many fruits and 
vegetables are cyanidin glycosides (Boldt et al., 2014).  
 
Due to their ability to donate protons to highly reactive free radicals, anthocyanins are 
known as natural antioxidants (Sadilova, Carle, & Stintzing, 2007). The antioxidant 
activity of anthocyanins is due to their electron deficiency and their ability to quench 
free radicals at the site of oxidative events (Sadilova et al., 2007). Owing to their 
bioactivities, anthocyanins are found to prevent further radical generation and protect 
cells from oxidative damage which has often been associated with aging and various 
diseases caused by oxidative stress (Bueno et al., 2012).  
 
Given the applications of anthocyanins as natural, nutritive food additives, ensuring 
their stability is of particular interest. However, the stability of anthocyanins is 
dependent on several factors including the structure of the anthocyanins, temperature, 
pH, light intensity, oxygen availability, and presence of enzyme, ascorbic acid, sugar, 
and metal ion in the system (Roobha, Saravanakumar, Aravindhan, & Devi, 2011). 
Current knowledge indicates that temperature, in particular, is one of the major factors 
in anthocyanin degradation during food processing. Anthocyanins were reported to be 
thermally degraded in berry juices (Hellström, Mattila, & Karjalainen, 2013), roots of 
Chinese red radish (Raphanus sativus L.) (Jing, Zhao, Ruan, Xie, Dong, & Yu, 2012). 
2 
However, anthocyanins show a greater stability in acidic media at low pH than in 
alkaline media with high pH (Cavalcanti, Santos, & Meireles, 2011). Torskangerpoll 
and Andersen (2005) found that 0.05 and 0.15 mM aqueous solutions of 
cyanidin-3-glucoside, cyanidin-3-(2”-glucosylglucoside)-5-glucoside, and 
cyanidin-3-(2”-(2”’-sinapoylglucosyl)-6”sinapoylglucoside-5-glucoside retained their 
colors at pH 1.1 over a storage period of 98 days at 10 °C, but displayed dramatic 
color changes in most alkaline solutions of pH up to 10.5. Cabrita, Fossen, and 
Andersen (2000) showed that the six common anthocyanin 3-glucosides (i.e. 
pelargonidin, peonidin, malvidin, cyanidin, petunidin and delphinidin) displayed the 
most intense red coloration and highest stability in aqueous solutions of pH 1-3.  
 
The use of anthocyanins in food systems is limited due to their relatively low stability 
to several food processing, formulation, and storage conditions (Giusti & Wrolstad, 
2003). However, the impact of food processing on the stability of anthocyanins is 
rarely reported in the literature, not to mention the bioactivity of anthocyanins in 
foods. In a recently published review regarding the stability of anthocyanins, the 
authors strongly recommended that further studies are required to establish the 
stability of anthocyanins especially in whole foods and not model systems which have 
been studied this far (Patras, Brunton, O'Donnell, & Tiwari, 2010).  
 
1.2 AIMS AND OBJECTIVES 
As aforementioned, there is an urgent need to systematically investigate the impact of 
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food processing on the stability of anthocyanins. The aims and objectives of this study 
were therefore to: 
(1) Study thermal processing on the stability and antioxidant capacity of 
anthocyanins in aqueous systems (Chapter 3). 
(2) Evaluate the combined effect of temperature and pH on the stability and 
antioxidant capacity of anthocyanins in aqueous systems (Chapter 4). 
(3) Investigate thermal treatment and subsequently storage on the stability and color 
change of anthocyanins in aqueous systems (Chapter 5). 
(4) Examine the influence of bread and biscuits production processes on the stability 
and antioxidant capacity of anthocyanins (Chapters 6, 7 & 8), and further 
investigate the effect of anthocyanins on their quality attributes as well as the 
digestibility of bread (Chapter 7).  
(5) Analyse the inhibition activity of individual anthocyanins on α-amylase and 
establish the mechanisms behind (Chapter 9). 








Anthocyanins, a subgroup of water-soluble flavonoids which occur naturally in the 
plant kingdom, are responsible for many of the colors observed in nature 
(Pazmiño-Durán, Giusti, Wrolstad, & Glória, 2001a). The basic structure of 
anthocyanins consists of two or three chemical units: an aglycon base (also termed 
“anthocyanidin”), sugars, and organic acids in the case of acylated anthocyanins 
(Manach, Scalbert, Morand, Remesy, & Jimenez, 2004; Mercadante & Bobbio, 2008; 
Merken & Beecher, 2000). Anthocyanidins consist of three rings: the A-ring is an 
aromatic ring and it is bonded to a heterocyclic, oxygen-containing C-ring, which is in 
turn bonded by a carbon-carbon bond to the aromatic B-ring (Figure 2.1). Their basic 
skeletons can therefore be described as C6-C3-C6, a total of 15 carbons (Cavalcanti, 
Santos, & Meireles, 2011). When linked to sugar moieties, anthocyanidins become 
known as anthocyanins (Castañeda-Ovando, de Lourdes Pacheco-Hernández, 
Páez-Hernández, Rodríguez, & Galán-Vidal, 2009).  
 
Figure 2.1 General structure of anthocyanins. 
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Anthocyanin structures can vary at the sugar moieties as well as at the anthocyanidins. 
The nature of sugar moieties can vary, for example in terms of the type and locations 
of carboxylates bonded to them. Although some rare anthocyanidins deviate from the 
aforementioned C6-C3-C6 skeletal structure, it is more common for anthocyanidins to 
vary in terms of the number of hydroxylated groups and sugars bonded to them 
(Castañeda-Ovando et al., 2009). Each aglycon base can be glycosylated or acylated 
by a unique combination of sugar moieties and phenolic or aliphatic acids, producing 
different anthocyanins (Bueno, Sáez-Plaza, Ramos-Escudero, Jiménez, Fett, & Asuero, 
2012). In fact, more than 700 anthocyanin structures have been identified from plant 
extracts, and almost 200 different anthocyanins have been presented with tentative 
structures (Andersen & Jordheim, 2014). Among these, the most commonly found 
anthocyanins are based on six anthocyanidins: cyanidin, delphinidin, malvidin, 
pelargonidin, peonidin, and petunidin (Figure 2.2) (Fernandes, Marques, de Freitas, & 
Mateus, 2013).  
 
Figure 2.2 Chemical structure of (a) cyanidin, (b) delphinidin, (c) malvidin, (d) 
pelargonidin, (e) peonidin, and (f) petunidin. 
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The distribution of the six most common anthocyanidins in fruits and vegetables is 
approximately as follows: cyanidin 50%, delphinidin 12%, pelargonidin 12%, 
peonidin 12%, petunidin 7% and malvidin 7% (Kong, Chia, Goh, Chia, & Brouillard, 
2003). The predominant anthocyanins in fruits are cyanidin-3-glucoside, 
delphinidin-3-glucoside, malvidin-3-glucoside, pelargonidin-3-glucoside, and 
petunidin-3-glucoside (Dugo, Mondello, Morabito, & Dugo, 2003; Hillebrand, 
Schwarz, & Winterhalter, 2004). The glycoside derivatives that more widespread in 
nature are 3-monosides, 3-biosides, 3,5- and 3,7-diglucosides. The presence of the 
3-glucoside derivatives is about 2.5 more frequent than the 3,5-diglucosides and the 
most common anthocyanin is cyaniding-3-glucoside (Kong et al., 2003). Table 2.1 
shows the distribution of anthocyanins in some fruits.  
Table 2.1 Occurrence of anthocyanins in some fruits (Patras, Brunton, O'Donnell, & 
Tiwari, 2010). 
Sources Major anthocyanin Minor anthocyanins 
Strawberry cyanidin-3-glucoside pelargonidin-3-rutinoside 
Blackberry cyanidin-3-glucoside cyanidin-3-rutinoside, 
malvidin-3-glucoside 
Raspberry cyanidin-3-glucoside pelargonidin-3-glucoside, 
pelargonindin-3-rutinoside 
Sweet cherry cyanidin-3-rutinoside cyanidin-3-glucoside, 
peonidin-3-rutinoside 
Blackcurrant cyanidin-3-rutinoside cyanidin-3-glucoside, 
delphinidin-3-glucoside 
Bilberry delphinidin-3-galactoside pelargonidin-3-glucoside, 
pelargonidin-3-galactoside 
 
2.2 COLOR OF ANTHOCYANINS 
Anthocyanins give plants their colors, which is important for their survival as they 
attract pollinators (Glover & Martin, 2012). The resonant structure of anthocyanidin, 
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comprising the flavylium cation (also known as 2-phenylbenzopyrylium) enables 
anthocyanins to act as colorants (Castañeda-Ovando et al., 2009). Within the same 
class of anthocyanins, there is a variation in color. For example, the increase of 
hydroxylation pattern in the B-ring results in a bathochromatic shift from red to violet 
(pelargonidin → cyanidin → delphinidin) (Mateus & de Freitas, 2009). It has also 
been reported that the color of anthocyanins varies with pH, in a series of equilibria 
(Andersen et al., 2014; Castañeda-Ovando et al., 2009; Fernandes, Faria, Calhau, de 
Freitas, & Mateus, 2014; Mateus et al., 2009). Their range of brilliant colors has led to 
industrial use of anthocyanins as natural colorants in foods as substitutes to synthetic 
food colorants, and they have been recognised as one of the nine European Union 
selected natural color classes. Their use as coloring agents dates back to the ancient 
Romans, who used highly-colored berries to color wines (Durge, Sarkar, & Singhal, 
2013; Navas, Jiménez-Moreno, Bueno, Sáez-Plaza, & Asuero, 2012). 
 
2.3 FUNCTION OF ANTHOCYANINS 
In plants, anthocyanins also act as photoprotectants by scavenging free radicals that 
are produced during photosynthesis (Hiemori, Koh, & Mitchell, 2009). This function 
is attributed to their ability to donate protons to highly reactive free radicals 
(Castañeda-Ovando et al., 2009), which is conferred by the anthocyanins’ structure - 
the number and organisation of the phenyl groups, the availability of 
electron-donating and electron-withdrawing groups in the ring structure, the degree of 
structural conjugation and the positive charge of anthocyanins. In doing so, they 
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prevent further radical generation and protect cells from oxidative damage which has 
often been associated with aging and various diseases caused by oxidative stress 
(Bueno et al., 2012). Studies have demonstrated that anthocyanins can help in the 
prevention of cardiovascular and neurological diseases, cancer and inflammation 
(Konczak & Zhang, 2004). They have also been shown to be effective in obesity and 
diabetes control, and in improving visual functions (Tsuda, 2012). Owing to their 
antioxidant capacity and the associated health benefits, anthocyanins have gained 
increased attention in recent years. 
 
Previous studies showed that the daily intake of anthocyanins in the U.S. diet was 
estimated to be between 180 and 215 mg, whereas the intake of other dietary 
flavonoids such as genistein, quercetin and apigenin was only 20–25 mg/day (Hertog, 
Hollman, Katan, & Kromhout, 1993; Kuehnau, 1976). However, a recent study, based 
on the National Health and Nutrition Examination Survey (NHANES) 2001-2002, 
highlighted the inaccurate food intake data in previous studies, and gave out that the 
average intake of anthocyanins in U.S. was much lower and estimated to be at 12.5 
mg/day. Of the different aglycones, cyanidin, delphinidin, and malvidin were 
estimated to contribute 45%, 21%, and 15%, respectively, of total intake per day. For 
anthocyanins with nonacylated versus acylated groups, nonacylated anthocyanins are 
predominant, contributing 77% compared to 23% from acylated anthocyanins of total 
intake per day (Wu, Beecher, Holden, Haytowitz, Gebhardt, & Prior, 2006).  
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Potential use of natural “green” plant extracted anthocyanins could offer the food 
processing industry an alternative solution to synthetic chemical antimicrobials and 
antioxidants. Therefore, considering also the beneficial effect of these molecules on 
health, their incorporation in food products is of important value (Cevallos-Casals & 
Cisneros-Zevallos, 2004). 
 
2.3 STABILITY OF ANTHOCYANINS 
The stability of anthocyanins is dependent on several factors including the structure of 
the anthocyanins, temperature, pH, light intensity, oxygen availability and presence of 
enzyme, ascorbic acid, sugar and metal ion in the system (Roobha, Saravanakumar, 
Aravindhan, & Devi, 2011). Isolated anthocyanins are very unstable and highly 
susceptible to degradation (Giusti & Wrolstad, 2003).  
 
2.3.1 Structure Influence 
The stability of anthocyanins is influenced by the ring B (Figure 2.1) substituents and 
the presence of additional hydroxyl (-OH) or methoxyl (-OCH3) groups which 
decrease the aglycon stability in neutral media; therefore, pelargonidin is the most 
stable anthocyanidin (Fleschhut, Kratzer, Rechkemmer, & Kulling, 2006).  
 
Acylated anthocyanins are more stable than the corresponding non-acylated ones. 
Acylated anthocyanins appear to prolong their half-life and slow down their decaying 
process under thermal treatment compared to nonacylated derivatives, and a higher 
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degree of hydroxylation in the B-ring would decrease their half-life (Sadilova, 
Stintzing, & Carle, 2006). Acylation of the molecule is believed to improve 
anthocyanin stability by protecting it from hydration (Goto, Hoshino, & Takase, 1979; 
Raymond, 1981). 
 
2.3.2 Co-pigmentation Influence 
Co-pigmentation is a phenomenon in which the pigments and other colorless organic 
compounds, or metallic ions, form molecular or complex associations, generating a 
change or an increment in the color intensity (Boulton, 2001). Some investigations 
suggest that the co-pigmentation of anthocyanins with other compounds is the main 
mechanism of stabilization of color in plants (Davies & Mazza, 1993; Mazza & 
Brouillard, 1990). The magnitude of the co-pigmentation effect is pH dependent. The 
co-pigment effect is evident under weakly acid conditions (pH 4-6) 
(Castañeda-Ovando et al., 2009).  
 
Anthocyanin molecules with complex patterns of glycosylation and acylation exhibit 
remarkable stability to pH changes, heat treatment and light exposure (Dangles, Saito, 
& Brouillard, 1993; Francis, 1992; Murai & Wilkins, 1990). The improved 
stabilization has been attributed to intra-molecular and intermolecular 
co-pigmentation, self-association, metal complexing and presence of inorganic salts 
(Goto, 1987; Malien-Aubert, Dangles, & Amiot, 2000; Raymond, 1983). A study 
reported that greater thermal stability of anthocyanins was present in red cabbage 
11 
compared to blackcurrant, grape skin and elderberry anthocyanins in a soft drink 
model system due to the protection of flavylium system through co-pigmentation 
(Dyrby, Westergaard, & Stapelfeldt, 2001).  
 
2.3.3 pH Influence 
Anthocyanins are found to be typically more stable in acidic media at low pH values 
than alkaline solutions with high pH values (Rein, 2005). For example, 
Torskangerpoll and Andersen (2005) found that 0.05 and 0.15 mM aqueous solutions 
of cyanidin-3-glucoside, cyanidin-3-(2”-glucosylglucoside)-5-glucoside, and 
cyanidin-3-(2”-(2”’-sinapoylglucosyl)-6”sinapoylglucoside-5-glucoside retained their 
colors at pH 1.1 over a storage period of 98 days at 10°C, but displayed dramatic 
color changes in most alkaline solutions of pH up to 10.5. Cabrita, Fossen, and 
Andersen (2000) showed that even though six common anthocyanin 3-glucosides (i.e. 
pelargonidin, peonidin, malvidin, cyanidin, petunidin and delphinidin) displayed the 
most intense red coloration and the highest stability in aqueous solutions of pH 1-3, 
however, the first three also exhibited intense and stable bluish colors at pH 8-9, 
highlighting the possibility of using them as colorants in alkaline food products.  
 
2.3.4 Thermal Influence 
Temperature, in particular, has shown to be one of the major factors in anthocyanin 
degradation during food processing. The stability of anthocyanins in foods was found 
to decrease during processing and storage as temperature rises (Maccarone, 
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Maccarrone, & Rapisarda, 1985; Mercadante et al., 2008). Many studies have been 
carried out to investigate the thermal degradation of anthocyanins in roots of Chinese 
red radish (Raphanus sativus L.) (Jing, Zhao, Ruan, Xie, Dong, & Yu, 2012), as well 
as the effects of temperature and cooking time on the stability of individual 
anthocyanins in black rice (Hou, Qin, Zhang, Cui, & Ren, 2013). Fischer, Carle, and 
Kammerer (2013) also reported that heating of pomegranate juice at 90°C resulted in 
anthocyanin degradation, which caused discolorisation. Degradation of anthocyanins 
in juice and concentrates of blood orange (Kırca & Cemeroğlu, 2003) and blackberry 
(Wang & Xu, 2007) has also been reported. Apart from fruit juices, thermal 
degradation resulting in reduced anthocyanin content has also been observed in other 
food plants including Korean purple-fleshed sweet potato (Kim et al., 2012) and black 
rice (Hiemori et al., 2009), when subjected to different cooking methods. Even at 
lower temperatures, degradation of anthocyanins is still a concern. Hellström, Mattila, 
and Karjalainen (2013) found that the half-life (t1/2) of anthocyanins in both 
laboratory made and commercial berry juices was much shorter at room temperature 
than at 4 °C and 9 °C. During storage at 4 °C, Reque, Steffens, Jablonski, Flôres, de O 
Rios, and de Jong (2014) found that anthocyanins in blueberry whole juice were 
degraded, although its antioxidant capacity remained stable. Other studies have 
similarly observed stable antioxidant capacity of foods containing degraded 
anthocyanins (Fischer et al., 2013; Howard, Castrodale, Brownmiller, & 
Mauromoustakos, 2010), or even some increases due to anthocyanin degradation 
products (Nayak, Berrios, Powers, & Tang, 2011).  
13 
 2.3.5 Solid Content Influence 
The degradation rates of anthocyanins increase with increasing solid content during 
heating. This could be due to closeness of reacting molecules in juice with higher 
soluble solid content (Patras et al., 2010). In strawberry, anthocyanin degradation 
occurs as soon as strawberries are processed into juice or concentrate and continues 
during storage. This degradation of anthocyanins is greater in concentrates compared 
to juices (Garzón & Wrolstad, 2002). Similar trends have been reported for 
anthocyanins in sour cherry (Cemeroglu, Velioglu, & Isik, 1994).  
 
2.3.6 Water Activity (Aw) Influence 
Water activity is another factor influencing the stability of anthocyanins. Reduced 
water activity enhances anthocyanin stability. Anthocyanin pigments in dried forms 
can exhibit remarkable stability. Anthocyanins are stable when stored in dry 
crystalline form or on dry paper chromatograms, which leads to the hypothesis that 
water is involved in discoloration reactions (Markaris, Livingston, & Fellers, 1957). 
The degradation of anthocyanins in freeze-dried strawberry puree increases when 
stored at high relative humidity conditions (Erlandson & Wrolstad, 1972). A study 
also reported the same trend that increasing Aw increased the degradation rate of 




2.3.7 Oxygen Influence 
Oxygen amplifies the impact of anthocyanin degradation processes (Cavalcanti et al., 
2011). Specifically, this can take place through a direct oxidative mechanism or 
through the action of oxidising enzymes such as polyphenol oxidase (PPO). For 
example, PPO catalyses the oxidation of chlorogenic acid to chlorogenoquinone, 
which reacts with anthocyanins to form brown condensation products (Patras et al., 
2010). It was reported that oxygen-restricted atmospheres best retained initial 
antioxidant capacity and anthocyanin content of fresh-cut strawberries over a period 
of cold storage (Odriozola-Serrano, Soliva-Fortuny, & Martín-Belloso, 2009). 
Although Zheng, Wang, Wang, and Zheng (2003) reported that oxygen from 60-100% 
increased anthocyanin content of freshly harvested blueberries in the initial period of 
cold storage (0-7 days), they later reported that a similar effect in strawberries 
decreased with prolonged storage (Zheng et al., 2007). 
 
2.4 DEGRADATION OF ANTHOCYANINS 
Knowledge about degradation mechanisms of anthocyanins is relatively little (Patras 
et al., 2010; Sadilova et al., 2006). It is believed that anthocyanins are decomposed by 
two pathways to end up with either chalcone and coumaric acid glycosides or 
aldehyde and benzoic acid derivatives, respectively (Patras et al., 2010). According to 
previous studies, anthocyanin would decompose upon heating into a chalcone 
structure, the latter being further transformed into a coumarin glucoside derivative 
with the loss of the B-ring (Hrazdina, 1971). The aglycon-sugar bond is more labile 
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than other glycoside bonds at pH 2 to 4. However, at pH 1 all glycosidic bonds are 
accessible to hydrolysis; e.g. heating cyanidin-3-rutinoside at pH 1 results in the 
formation of rhamnose and glucose, but only traces of rutinose (Adams, 1973).  
 
The possible thermal degradation process of nonacylated and acylated anthocyanins 
was reported in the literature (Sadilova, Carle, & Stintzing, 2007; Sadilova et al., 
2006). Successive deglycosylation reactions represent the initial steps of anthocyanin 
degradation at pH 1 yielding the respective aglycones. The latter will then be cleaved 
into a phenolic acid and a phenolic aldehyde. In the case of acylated anthocyanins, 
decay is slowed down because the intermediate compounds are also colored before 




MONTE CARLO MODELLING OF NON-ISOTHERMAL 
DEGRADATION OF TWO CYANIDIN-BASED ANTHOCYANINS 
IN AQUEOUS SYSTEM AT HIGH TEMPERATURES AND ITS 
IMPACT ON ANTIOXIDANT CAPACITIES 
 
3.1 INTRODUCTION 
Anthocyanins, a group of phenolic compounds widely found in the plant kingdom, are 
natural water-soluble bioactive compounds and are responsible for many of the orange, 
red, violet and blue colors observed in nature (Pazmiño-Durán et al., 2001b). One of 
the signiﬁcant characteristics of anthocyanins is their antioxidant capacity, which is 
due to the electron deficiency of anthocyanin molecules confering them with the 
ability to quench free radicals (Sadilova, Carle, & Stintzing, 2007). The antioxidant 
capacity of anthocyanins plays a key role in their help in the prevention of neuronal 
and cardiovascular illnesses, cancer and diabetes (Stintzing & Carle, 2004). Thermal 
processing as one of the most important processes has been widely adopted by 
nowadays food industry for enhancing food safety and quality. However, thermal 
processing also results in undesirable degradation of heat-sensitive compounds in 
foods. Current knowledge indicates that in general high temperature treatments can 
affect the amounts of anthocyanins in fruit and vegetable based food products 
(Sadilova et al., 2007; Sadilova, Stintzing, Kammerer, & Carle, 2009). Many foods, 
such as fruit juice, jam and wine, which contain anthocyanins, are thermally 
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processed prior to consumption and the thermal process can greatly influence the 
concentration of anthocyanin in the final products (Giusti & Wrolstad, 2003). The 
effects of thermal treatments on the stability of anthocyanins have been studied by a 
number of researchers, which reported that heating had a detrimental effect on 
anthocyanins (Rodrigues, Perez-Gregorio, Garcia-Falcon, & Simal-Gandara, 2009; 
Sadilova et al., 2009). In most of the pervious studies on thermal stability, 
anthocyanins were quantified using the pH differential method which is often 
employed as an effective and time-saving way to quantify total monomeric 
anthocyanins (Giusti & Wrolstad, 2001). However, this method is unable to 
individually quantify each type of anthocyanins present in samples.  
 
Most previous studies on the thermal degradation of anthocyanins in real foods or 
model food systems were focused on the degradation of total anthocyanins. Among 
the most abundant anthocyanins, cyanidin-3-rutinoside has been found to be the most 
thermally stable anthocyanin (Rubinskiene, Jasutiene, Venskutonis, & Viskelis, 2005), 
and cyanidn-3-glucoside is one of the most predominant anthocyanins in nature 
(Stintzing & Carle 2004). Therefore the two individual anthocyanins were selected as 
the focus of this chapter. Specifically, this chapter aimed to evaluate and model the 
thermal stability of two individual anthocyanins (i.e. cyanidin-3-glucoside and 
cyanidin-3-rutinoside) in aqueous systems over a temperature range of 100 °C to 
165 °C, followed by investigating the impact of thermal treatment on their antioxidant 
capacities. 
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3.2 MATERIALS AND METHODS 
3.2.1 Materials 
Commercial black rice extract powder with a total anthocyanin concentration of 
around 20% was purchased from Shaanxi Taiji Huaqing Technology Co., Ltd, China. 
Cyanidin-3-glucoside and cyanidin-3-rutinoside standards were purchased from 
Polyphenols Laboratories (Sandnes, Norway). Trifluoroacetic acid (TFA, analytical 
grade), DPPH (2, 2-diphenyl-1-picrylhydrazyl), ABTS (2, 2’-azinobis 
(3-ethylbenzothiazoline-6-sulfonic acid), formic acid, potassium persulfate, Trolox 
(6-hydroxy-2, 5, 7, 8-tetramethylchloromane-2-carboxylic acid) were purchased form 
Sigma-Aldrich (Sigma-Aldrich, St Louis, MO). 
 
3.2.2 Purification Procedure of Anthocyanins 
Solid phase extraction (SPE) methods are an effective way to remove matrix 
interferences present in crude samples, and have been widely applied in purification 
of anthocyanins (Nayak, Berrios, Powers, & Tang, 2011). The purification process is 
often carried out on a C18 cartridge which is packed with silica-bound C18 chains. 
Anthocyanins are adsorbed on the column, while sugars and acids which are normally 
regarded as matrix interferences are washed out by passing through to waste 
(Rodriguez-Saona & Wrolstad, 2001). 
 
Prior to purification, black rice powder of ~2 g was dissolved in deionised water of 
100 mL to prepare a concentrated anthocyanins solution. The purification process was 
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performed on a Sep-Pak C18 cartridge (WAT023635, Waters, USA) connected with a 
vacuum manifold (WAT200677, Waters, USA). To ensure that the aqueous solvent 
can penetrate sorbent surface and wet the sorbent, preconditioning of the sorbent was 
necessary. The C18 cartridge was conditioned by passing 3.2 mL of methanol through 
the sorbent bed followed by passing 4.8 mL of acidified deionised water (0.5% v/v, 
TFA) to remove remaining methanol. The concentrated anthocyanins solution was 
then loaded into the conditioned C18 cartridge. The cartridge was first washed with 20 
mL of acidified deionised water (0.5% v/v, TFA) to remove compounds that were not 
adsorbed, such as sugars, acids, and other water soluble compounds. Afterwards, the 
column was further washed with 20 mL of ethyl acetate to remove polyphenolic 
compounds such as phenolic acids and flavonols. Anthocyanins were eluted from the 
cartridge into centrifuge tubes by washing the column with 40 mL of acidified 
methanol (0.5% v/v, TFA). The anthocyanin-rich methanol was removed using a 
rotary evaporator at 40 °C under vacuum. The purified anthocyanin fraction was 
resuspended in deionised water (DI) to a concentration of 100 mg/L as determined by 
the pH differential method (refer to Section 2.4) and was stored at -20 °C until use. 
The purity of the anthocyanin fraction was checked at 280 nm using LC/DAD (see 
below).  
 
3.2.3 Thermal Treatment of Anthocyanin Solutions 
In microwave heating, energy is transported as an electromagnetic wave in a 
frequency band from 0.3 to 300 GHz. Compared to conventional heating methods, 
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microwave provides more rapid and uniform heating. Besides, microwave heating is 
also known to improve reproducibility (Wang, Zhou, & Wen, 2006). Therefore, the 
thermal treatment in this study was conducted in a microwave reactor (Biotage, 
Sweden). Stored samples were allowed to thaw at room temperature after which 3 mL 
of the samples was transferred into a 20 mL Biotage® microwave vial. The thermal 
treatments were performed for 3, 5, 10, 15, 30 min at 100 °C and 121 °C, for 1, 3, 5, 
10, 15 min at 135 °C, for 0.5, 1, 1.5, 3, 5 min at 145 °C, and for 10, 20, 30, 40, 50 s at 
165 °C, respectively. The thermal processing temperature was maintained at a set 
temperature by the control system of the microwave reactor for a designated period of 
treatment time. The temperature profiles of the various thermal treatments are shown 
in Figure 3.1, which demonstrate a significant period of heating-up and cooling-down, 
particularly at high treatment temperatures. After the thermal treatments, the vials 
containing samples were chilled immediately in an ice-water bath. The samples were 
then directly sent for HPLC analysis and antioxidant capacity measurement.  
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Figure 3.1 Temperature profiles of the thermal treatments. 
 
3.2.4 Quantification and Identification of Anthocyanins using LC/DAD and 
LC/MS 
Anthocyanins were separated on an analytical C18 Sunfire column (250 × 4.6 mm i.d., 
5 µm; Waters, Wexford, Ireland) using a Shimadzu HPLC system (Shimadzu, Tokyo, 
Japan) connected with a diode array detector (DAD). The flow rate and oven 
temperature were maintained at 1 mL/min and 25 °C, respectively. Elute A consisted 
of 5% formic acid (v/v) in DI water. Elute B was 100% acetonitrile. Samples (1 mL) 
were subjected to passing through a 0.45 µm Nylon filter (Whatman, NJ, USA) prior 
to HPLC analysis. The injection volume was 50 µL. A gradient elution process was 
applied, starting with 0% B for 5 min, ramping up to 10% B at 20 min, 13% at 40 min, 
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20% at 44 min, 25% at 50 min and 100% at 55 min (Sadilova, Stintzing, & Carle, 
2006). Monitoring of eluted anthocyanins was performed at 520 nm and 280 nm, and 
the quantification of anthocyanins was accomplished by using standard curves. The 
standard curves were generated using a series of standard solutions between 0.0001 
and 0.1 mg/mL of each of the two anthocyanins.  
 
Mass spectrometry (MS) analysis was performed on a Shimadzu LC/MS-IT-TOF 
(Shimadzu, Tokyo, Japan). The major MS parameters were as follows: mass range 
100-1000 m/z, ion source temperature 200 °C, heated block temperature 200 °C, 
nebulization gas flow 1.5 L/min, detector voltage 1.75 kV. Positive and negative ion 
modes were performed. Data acquisition and processing were conducted using the 
LCMS Solution software (version 3.40, Shimadzu). Anthocyanins were identified by 
comparing the mass data with published data (Sadilova et al., 2006).  
 
3.2.5 Non-isothermal Kinetic Modelling 
Previous studies suggested that the thermal degradation of most anthcyanins would 
most likely follow a first order reaction kinetics (Kirca, Özkan, & Cemeroglu, 2003; 
Nayak et al., 2011). To further confirm the degradation reaction order of the two 
specific anthocyanins in this work, the experimental data were fitted with Eq. 3.1, and 
then the reaction order was determined through linear regression (Nayak et al., 2011) 
(results are not shown). It was concluded that the degradation of the two individual 
anthocyanins also followed a first order reaction. The first order kinetic model can be 
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described by Eq. 3.2 under a constant temperature. 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑




= − 𝑘𝑘𝑑𝑑                                                                                                                           (3.2) 
where 𝑑𝑑 is the concentration of an anthocyanin in mg/L; 𝑑𝑑𝑡𝑡 is the concentration of 
an anthocyanin at time 𝑑𝑑; 𝑑𝑑0 is the concentration at 𝑑𝑑=0; 𝑘𝑘 is a rate constant in s-1, 
and 𝑙𝑙 is the reaction order. 
 
Arrhenius equation has been widely applied in food research to predict the impact of 
thermal treatment on chemical reactions and biological processes in foods (Peleg, 
Normand, & Corradini, 2012). In the current study, Arrhenius equation (i.e. Eq. 3.3) 
was used to describe the temperature dependence of the degradation reaction rate of 
the two individual anthocyanins. 
𝑘𝑘𝑡𝑡 = 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝑎𝑎𝑅𝑅 �1𝑇𝑇𝑡𝑡 − 1𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟��                                                                                     (3.3) 
where 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 is the rate constant (s-1) at reference temperature; 𝐸𝐸𝑎𝑎  is activation energy 
(kJ/mol); 𝑅𝑅 is ideal gas constant (8.314 J/mol·K); 𝑇𝑇 is absolute temperature in 
Kelvin; and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 is the reference temperature. To mitigate the problem of poor 
convergence during numerical estimation when the value of 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 goes to infinity, 
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 was chosen to be 132.5 °C, which was the average value of the temperature 
range investigated in the study (Dolan, 2003). 
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 For the non-isothermal process in this study, the temperature profile (Figure 3.1) 
included three stages: (1) heating up, during which the system temperature was 
increased to a targeted value; (2) maintaining, during which the temperature was held 
at the same level for a designated period; (3) cooling down, during which the 
temperature was reduced to 50 °C. The reaction kinetic constant (𝑘𝑘) changed with 
temperature, making the calculation of 𝐸𝐸𝑎𝑎  difficult. Change in the anthocyanin 
concentration (𝑑𝑑𝑖𝑖) over each small time period (∆𝑑𝑑𝑖𝑖) under an approximatedly constant 
temperature (𝑇𝑇𝑖𝑖) is shown in Eq. 3.4.  
𝑑𝑑𝑖𝑖+1 = 𝑑𝑑𝑖𝑖𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑖𝑖∆𝑑𝑑𝑖𝑖)                                                                                                        (3.4) 
where 𝑘𝑘𝑖𝑖 is rate constant over time period ∆𝑑𝑑𝑖𝑖 under constant temperature 𝑇𝑇𝑖𝑖. The 
final anthocyanin concentration (𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒) at the end of a non-isothermal process can be 
calculated by Eq. 3.5:  
𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒 = 𝑑𝑑0[𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘0∆𝑑𝑑0) × 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘1∆𝑑𝑑1) … × 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑟𝑟𝑛𝑛𝑒𝑒∆𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒)] 
          =  𝑑𝑑0𝑒𝑒𝑒𝑒𝑒𝑒 [−(𝑘𝑘0∆𝑑𝑑0 + 𝑘𝑘1∆𝑑𝑑1 + ⋯+ 𝑘𝑘𝑟𝑟𝑛𝑛𝑒𝑒∆𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒)]                                               (3.5) 
Incorporating Eq. 3.3 into Eq. 3.5 results in: 
𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒 =  𝑑𝑑0𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝑎𝑎𝑅𝑅 � 1𝑇𝑇0 − 1𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�� ∆𝑑𝑑0 + 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝑎𝑎𝑅𝑅 … 




�� ∆𝑑𝑑1 + ⋯+𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝑎𝑎𝑅𝑅 � 1𝑇𝑇𝑟𝑟𝑛𝑛𝑒𝑒 − 1𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�� ∆𝑑𝑑𝑟𝑟𝑛𝑛𝑒𝑒��                (3.6) 
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 The optimal values of 𝐸𝐸𝑎𝑎 and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 were estimated by nonlinear regression of Eq. 
3.6 via minimizing the root mean square error (RMSE) between the modeled values 







                                                                                      (3.7) 
where 𝑑𝑑𝑀𝑀𝑀𝑀𝑒𝑒  is model predicted value; 𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸  is experimental value; 𝑚𝑚  is the 
number of experimental data. 
 
For nonlinear optimization, it is necessary to make sure that the minimum value 
achieved in the objective function is a global minimum rather thatn a local one. To 
avoid a local minimum, a search method should start with different initial values of 
the parameters, and a global minimum will be found when different initial values lead 
to the same minimum value (van Boekel, 1996). The global search procedure was 
implemented by using Matlab software (MATLAB, version 7.10.0 R2012a, the 
MathWorks Inc., Natick, Massachusetts).  
 
3.2.6 Monte Carlo Simulation 
Determination of confidence intervals (CI) for model parameters obtained by 
nonlinear regression is difficult, and by far the best method to evaluate confidence 
intervals is via the Monte Carlo simulation method (van Boekel, 1996). The Monte 
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Carlo simulation of confidence intervals was conducted in three steps in our study as 
follows: 
 
(a) Generating 2000 sets of data with random errors based on the experimental errors 
using Eq. 3.8:  
𝑑𝑑𝑆𝑆𝑖𝑖𝑚𝑚𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑟𝑟 = 𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸 + 𝜎𝜎𝜎𝜎                                                                                                         (3.8) 
where 𝑑𝑑𝑆𝑆𝑖𝑖𝑚𝑚𝑆𝑆𝑆𝑆𝑎𝑎𝑡𝑡𝑟𝑟  is simulated data; 𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸  is experimental data; 𝜎𝜎  is the standard 
deviation of experimental data at each sampling time; 𝜎𝜎  is Gaussian (normal) 
distributed random number. The values of 𝜎𝜎 were limited to the range from -1.96 to 
1.96 (for 95% CI). 
 
(b) Computing 𝐸𝐸𝑎𝑎 and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  by nonlinear regression of Eq. 3.6 using the 2000 sets 
of simulated data generated from Step (a). The mean values of 𝐸𝐸𝑎𝑎 and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 were 
then calculated from the 2000 sets of regressed parameter values. 
 
(c) Plotting scatter plots using the 2000 sets of regressed data for the two parameters, 
and one-dimensional histogram of the frequency distribution of the two parameters 
for cyanidin-3-glucoside and cyanidin-3-rutinoside, respectively.  
 
3.2.7 Validation of the Developed Models 
The modeled and experimental data at each combined condition of treatment 
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temperature and time were compared (Figure 3.3, top graphs) for 
cyanidin-3-glucoside and cyanidin-3-rutinoside, recpectively, to test the quality of the 
developed model. Furthermore, in order to rule out a possibility that the models could 
have been overfitted to the experimental data (Wang, Zhou, & Wen, 2006), fresh 
anthocyanin solution samples were subjected to heat treatment for different times at 
145 °C. The corresponding experimental data were then plotted together with the 
model predicted values to show the model performance (Figure 3.3, bottom graphs). 
 
3.2.8 Antioxidant Capacity Measurement 
The antioxidant capacity of samples was measured using both DPPH assay and ABTS 
assay, which are electron transfer (ET) based assays. A spectrophotometer (Shimadzu 
UVmini-1240 UV-Vis, Tokyo, Japan) was blanked using methanol in both assays. 
Total antioxidant capacity was reported as mg Trolox equivalent/mL. One-way 
analysis of variance (ANOVA) followed by Tukey test (P < 0.05) was used to 
compare differences between groups using SPSS software (version 20.0, SPSS Inc., 
Chicago).  
 
3.2.8.1 DPPH Assay 
The DPPH assay was carried out according to a procedure described by 
Brand-Williams, Cuvelier, & Berset (1995). Sample of 0.1 mL (control or thermally 
treated) was mixed with 3.9 mL of DPPH stock solution (6×10-5 M) for 2 hours in 
dark at room temperature. The absorbance of the mixture was monitored at 515 nm 
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using a spectrophotometer.  
 
3.2.8.2 ABTS Assay 
The ABTS assay was performed following the method of Re, Pellegrini, Proteggente, 
Pannala, Yang, & Rice-Evans (1999). Briefly, ABTS radical cation (ABTS·¯) was 
produced by reacting ABTS stock solutions (7 mM) with potassium persulfate (2.45 
mM) in equal volume and allowing the mixture to stand in dark for 12-16 h before use. 
The ABTS·¯ solution was diluted with methanol to achieve an absorbance of 0.70 
(±0.02) at 734 nm. One mL of the diluted ABTS·¯ solution was added to 10 µL of 
sample, and the mixture was allowed to equilibrate for 7 min before its absorbance at 
734 nm was measured. 
 
3.3 RESULTS AND DISCUSSION 
3.3.1 Anthocyanin Composition of Black Rice 
As shown in Figure 3.2, four major peaks (solid line) were observed from the 
LC/DAD results, which represented four types of anthocyanins in black rice powder. 
The dashed line indicates that the purity of the anthocyanins samples was good, i.e. 
almost all the colorless polyphenols had been removed. The LC/MS results further 
confirmed the four detected peaks, and they were: cyanidin-3,5-glucoside (m/z 611), 
cyanidin-3-glucoside (m/z 449), cyanidin-3-rutinoside (m/z 595), and 
peonidin-3-glucoside (m/z 463). Cyanidin-3-glucoside was found to be the 
dominating anthocyanin in black rice with an peak area percentage of around 89.6%, 
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whereas peonidin-3-glucoside had the second highest peak area percentage of around 
6.7%. The third most abundant anthocyainin was cyanidin-3,5-glucoside, whose peak 
area percentage was about 2.0%, and the last one was cyanidin-3-rutinoside of around 
1.7%. These four types of anthocynins were also reported by Hou, Qin, Zhang, Cui, & 
Ren (2013). However, in the work performed by Zhang, Zhang, Zhang, & Liu (2010) 
only cyanidin-3-glucoside, cyanidin-3-rutinoside, and peonidin-3-glucoside were 
detected in black rice. Lee (2010) found cyanidin-3-glucoside and 
peonidin-3-glucoside in ten black rice varieties havested in Korea. Similarly, 
cyanidin-3-glucoside and peonidin-3-glucoside were identified from the black rice 
havested in California (Hiemori, Koh, & Mitchell, 2009). The differences in the types 
and amounts of anthocyanins found in black rice may be due to different species of 
black rice used in various studies. 
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Figure 3.2 LC/DAD (top graph) and LC/MS (bottom 4 graphs) analyses of the 
anthocyanin composition of black rice powder. 
 
3.3.2 Degradation Rate Constant and Activation Energy 
The optimized kinetic parameters (𝐸𝐸𝑎𝑎  and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 ) for the two anthocyanins by 
nonlinear regression of Eq. 3.6 are shown in Table 3.1. The two cyanidin-based 
anthocyanins exhibited significantly different degradation rates at 132.5 °C; the 
degradation rate constant of cyanidin-3-glucoside (0.0047 s-1) was about twice higher 
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than that of cyanidin-3-rutinoside (0.0023 s-1). The activation energy values of the two 
anthocyanins were also very different, which were 87 kJ/mol and 104 kJ/mol for 
cyanidin-3-glucoside and cyanidin-3-rutinoside, respectively. These values were 
found to be close to the reported value of 92 kJ/mol for total anthocyanins in 
reconstituted blackberry juice treated at 100-180 °C (Jiménez, Bohuon, Lima, Dornier, 
Vaillant, & Pérez, 2010). 
Table 3.1 Kinetic parameters of cyanidin-3-glucoside and cyanidin-3-rutinoside 
(𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟=132.5 °C)  
* Values were computed by nonlinear regression of Eq. 3.6, via minimizing Eq. 3.7. 
** Values were the mean values of the 2000 sets of data from Monte Carlo simulation. 
The rutinoside in cyanidin-3-rutinoside contains two sugars (rhamnosyl and glucose). 
Fleschhut, Kratzer, Rechkemmer, & Kulling (2006) found that anthocyanin 
disaccharide derivatives were more stable than monoglycoside derivatives. However, 
Sadilova et al. (2006) reported that the thermal stability of cyanidin-3-glucoside was 
higher than cyanidin-3-glucoside-xyloside and cyanidin-3-galactoside-xyloside. They 
further found that the xyloside had a destabilizing effect, which was reversed when 
the xyloside was attached to an additional glucoside (i.e., 
cyanidin-3-galactoside-xyloside-glycoside). From the results and these reported 
findings, it could be concluded that the stability of anthocyanin derivatives is 
 𝐸𝐸𝑎𝑎 (kJ/mol) 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 (s-1) RMSE 
 Optimized kinetic parameters* 
Cyanidin-3-glucoside 87 0.0047 0.0043 
Cyanidin-3-rutinoside 104 0.0023 0.00011 
 Kinetic parameters from Monte Carlo simulations** 
Cyanidin-3-glucoside 88 0.0047 0.0043 
Cyanidin-3-rutinoside 105 0.0023 0.00011 
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dependent on the type of sugar subtitutions, rather than the amount of sugar 
substitutions. In this work, the rutinoside subtitution enhanced the heat resistance of 
cyanidin-3-rutinoside.  
 
In the study carried out by Harbourne, Jacquier, Morgan, & Lyng (2008), the 
degradation rate constant for the total monomeric anthocyanins at 140 °C in 
blackcurrant juice was found to be 9.952 h-1, i.e. 0.0028 s-1. In comparison, in this 
study cyanidin-3-glucoside and cyanidin-3-rutinoside exhibited higher degradation 
rate constants of 0.0075 s-1 and 0.0040 s-1 at 140 °C, respectively. The higher 
degradation rates may be due to the solid content in the solution, i.e., the degradation 
rates of anthocyanins increased with a decreasing solid content. A higher solid content 
was found to slow down the degradation rate of anthocyanins (Patras et al., 2010). In 
real food systems, anthocyanin degradation was accelerated with a decreasing solid 
content. Anthocyanin degradation started occurring once strawberries or sour cherries 
were processed into juice or concentrate, and the degradation continued during 
storage (Cemeroglu, Velioglu, & Isik, 1994). The degradation of anthocyanins in 
freeze-dried strawberry puree increased when stored at high relative humidity 
conditions (Erlandson & Wrolstad, 1972). However, in recently published work, 
Fisher, Carle, and Kammerer (2013) reported that a clarified juice variant showed the 
highest stability with 24.5% anthocyanins retention at the end of a thermal treatment 
at 90 °C for 5 hours, while in unclarified juice variants the anthocyanins were less 
stable retaining only 12.9% and 20.6%, respectively. This finding seems to contradict 
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the aforementioned conclusions that anthocyanins degraded faster in systems of 
higher solid contents. While the authors concluded that the lower stability of 
anthocyanins in their unclarified jucie variants (slightly cloudy juices) might be due to 
the presence of macromolecular matrix compounds. Besides, the stability of 
anthocyanins can also be affected by many other compounds such as pectins 
(Holzwarth, Korhummel, Siekmann, Carle, & Kammerer, 2013) and 
polyphenoloxidase (Holzwarth, Korhummel, Kammerer, & Carle, 2012). Since the 
purification process used in this study would have removed sugars, salts and other 
impurities from the anthocyanin samples, the faster degradation rate of anthocyanins 
may be due to the less interactions between anthocyanins and compounds from 
samples.  
 
3.3.3 Model Validation 
As shown in Table 3.1, the low values of RMSE (0.0043 and 1.1×10-4 for 
cyanidin-3-glucoside and cyanidin-3-rutinoside, respectively) suggest that the 
differences between the values predicted by the model and the experimental values 
were very small, which indicates that the model quality is good. The modeled data vs. 
experimental data were ploted in Figure 3.3 (top graphs) to illustrate the quality of the 
models. The developed models were further examined using the experimental data at 
145 °C to verify that there was no overfitting caused by the nonlinear regression. The 
experimental and model predicted data at 145 °C for cyanidin-3-glucoside and 
cyanidin-3-rutinoside are shown in Figure 3.3 (bottom graphs). The RMSE between 
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the modeled and experimental data at 145 °C for cyanidin-3-glucoside and 
cyanidin-3-rutinoside were 0.0086 and 7.9×10-5, respectively. This means that the 
modeled data were well in agreement with the experimental data, again indicating the 
good quality of the developed models. 
 
Figure 3.3 Validation plots. Top: modeled vs. experimental data; the black, red, green, 
and purple markers represent data at 100, 121, 135, and165 °C, respectively. Bottom: 
experimental data (blue diamond) and model predicted values (red square) at 145 °C. 
 
3.3.4 Monte Carlo Simulation of Non-isothermal Degradation 
The mean values of kinetic parameters, 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑎𝑎, were calculated based on the 
2000 sets of data from Monte Carlo simulation (Table 3.1). The mean values of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 
and 𝐸𝐸𝑎𝑎 were almost the same as those optimized values (refer to Section 3.2) for 




The uncertainties (i.e. 95% CI) of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑎𝑎 from the Monte Carlo simulations 
are shown in Figure 3.4 (top two graphs). There are 2000 sets of data points in each of 
the two graphs, showing the distribution of the uncertainties of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑎𝑎 at 95% 
CI for the two anthocyanins, respectively. The white spots in the center of the two 
graphs represent the optimized values of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑎𝑎. As it can be seen from the 
graphs, the uncertainties of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 𝐸𝐸𝑎𝑎 were not uniformly distributed. Instead, the 
distributions of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  and 𝐸𝐸𝑎𝑎  for both cyanidin-3-glucoside and 
cyanidin-3-rutinoside exhibited an oval shape. The uncertainties of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  and 𝐸𝐸𝑎𝑎 
were from 0.0041 s-1 to 0.00682 s-1 and from 79 kJ/mol to 105 kJ/mol, respectivly, for 
cyanidin-3-glucoside, which were larger than those for cyanidin-3-rutinoside (from 
0.00196 s-1 to 0.00267 s-1 and from 96 kJ/mol to 119 kJ/mol, respectively). Commonly, 
uncertainties in model parameters are expressed as mean ± standard deviation (SD), 
which implicitly assumes normal, independent distributions of the uncertaintie. In 
comparison, the Monte Carlo simulation method provides a clear view of the 




Figure 3.4 Monte Carlo simulation plots for evaluating the uncertainties of 𝐸𝐸𝑎𝑎 and 
𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 for cyanidin-3-glucoside and cyanidin-3-rutinoside (top 2 graphs). Histogram 
and cumulative probability plots of 𝐸𝐸𝑎𝑎  and 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  for cyanidin-3-glucoside and 
cyanidin-3-rutinoside (bottom 4 graphs). 
 
The bottom four graphs in Figure 3.4 present the histogram of estimated 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 and 
𝐸𝐸𝑎𝑎 values for cyanidin-3-glucoside and cyanidin-rutinoside, respectively. The 
histogram provides information on the center, spread, and skewness of the data. The 
distribution of histogram data was examined by fitting the data to a normal 
distribution curve as well as using a cumulative probability plot. The cumulative 
37 
probability plot is a graphical presentation for evaluating whether or not a data set 
follows a normal distribution. If the distribution is normal, the scattered data points 
will form approximately a straight line (D'Agostino & Belanger, 1990). The 
distributions were further evaluated using Kolmogorov-Smirnov test, and the test 
results were significant (P < 0.05). Thus, the 2000 sets of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  and 𝐸𝐸𝑎𝑎  values 
obtained from the Monte Carlo simulations were not normally distributed.  
 
3.3.5 Antioxidant Capacity of Thermally Threated Anthocyanin Solutions 
Table 3.2 shows the antioxidant capacity values of the anthocyanin solution samples 
before and after the thermal treatments. 
Table 3.2 Antioxidant capacity (mg Trolox/mL) of anthocyanin solution samples 
before and after heating 
No.* 
100 °C 121 °C 135 °C 145 °C 165 °C 
ABTS 
Control 0.383±0.092 a 0.383±0.921 a 0.383±0.921 a 0.383±0.921 a 0.383±0.921 a 
1 0.390±0.102 a 0.262±0.052 a 0.322±0.072 a 0.455±0.025 b 0.224±0.095 a 
2 0.362±0.091 a 0.345±0.104 a 0.434±0.023 a 0.381±0.120 ab 0.290±0.080 a 
3 0.342±0.083 a 0.332±0.049 a 0.316±0.066 a 0.356±0.101 ab 0.305±0.075 a 
4 0.281±0.110 a 0.341±0.072 a 0.357±0.132 a 0.258±0.079 a 0.317±0.075 a 
5 0.353±0.075 a 0.325±0.041 a 0.286±0.103 a 0.350±0.111 ab 0.312±0.106 a 
No. DPPH 
Control 0.202±0.006 a 0.202±0.006 bc 0.202±0.006 a 0.202±0.006 a 0.202±0.006 a 
1 0.188±0.012 a 0.202±0.003 bc 0.179±0.062 a 0.208±0.008 a 0.207±0.008 a 
2 0182±0.011 a 0.217±0.011 c 0.201±0.019 a 0.207±0.009 a 0.208±0.022 a 
3 0.204±0.018 a 0.189±0.005 ab 0.205±0.011 a 0.208±0.024 a 0.206±0.007 a 
4 0.193±0.017 a 0.178±0.002 a 0.207±0.010 a 0.205±0.013 a 0.207±0.016 a 
5 0.195±0.013 a 0.166±0.016 a 0.186±0.012 a 0.168±0.055 a 0.212±0.010 a 
* Control represents the sample before thermal treatment. No. 1 - 5 represent the data 
points for each of the combined temperature and time conditions corresponding to 
those described in Section 2.3; e.g. No. 1 and No. 5 at 100 °C represent thermal 
treatment time of 3 and 30 min, respectively. Values are reported as means ± SD for 
three samples analyzed individually in triplicate. Mean values in the same row 
followed by the same superscript letters are not significantly different (P > 0.05) 
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It was observed that the thermal treatments had a little impact on the overall 
antioxidant capacity of the solutions. A study conducted by Nayak et al. (2011) also 
reported that anthocyanins, which were extracted from purple potatoes, exhibited 
similar antioxidant capacity values of approximately 1500 μg Trolox equivalent/g dry 
weight sample under thermal treatments of 100-150 °C. The phenolics yielded from 
thermal treatment of anthocyanins were reported exhibiting a higher antioxidant 
capacity than the anthocyanins on the same concentration basis (Sadilova et al., 2007). 
Therefore, in this study, the loss of antioxidant capacity through the degradation of 
anthocyanins might be compensated by the yield phenolics. 
 
3.4 CONCLUSIONS 
Cyanidin-3-glucoside and cyanidin-3-rutinoside showed different degradation rates 
and kinetic parameters. The different stability results between the two anthocyanins 
may be due to the differences in their chemical structures. The antioxidant capacity of 
the sample solutions before and after thermal treatments didn’t show a significant 
difference. Monte Carlo simulations were found to be an effective method to 
determine the confidence intervals of the kinetic parameters and their nonlinear 
relationship, especially for non-isothermal modelling which involved non-linear 




COMBINED EFFECT OF PH AND HIGH TEMPERATURE ON 
THE STABILITY AND ANTIOXIDANT CAPACITY OF TWO 
ANTHOCYANINS IN AQUEOUS SOLUTION 
 
4.1 INTRODUCTION 
Anthocyanins are natural pigments whose presence contributes to the red, blue and 
purple colors of a variety of fruits and flowers. The most attractive characteristics of 
anthocyanins are their antioxidant and anti-inflammatory properties which may help 
to reduce the risks of cardiovascular diseases and various oxidative stress related 
diseases (Umar Lule & Xia, 2005; Sadilova, Carle, & Stintzing, 2007; Saluk, Bijak, 
Kołodziejczyk-Czepas, Posmyk, Janas, & Wachowicz, 2012). However, anthocyanins 
are sensitive to many environmental factors, such as temperature, oxygen, light, and 
pH, and these factors are detrimental to the color and nutritional properties of 
anthocyanins, thus restricting their applications in foods (Castañeda-Ovando, 
Pacheco-Hernández, Páez-Hernández, Rodríguez & Galán-Vidal, 2009; Jiménez, 
Bohuon, Lima, Dornier, Vaillant, & Pérez, 2010; Jing, Zhao, Ruan, Xie, Dong & Yu, 
2012). 
 
The stability of anthocyanins was found to decrease in foods with rising temperatures 
during processing and storage (Maccarone, Maccarrone, & Rapisarda, 1985; 
Mercadante & Bobbio, 2008). Many foods are thermally processed prior to 
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consumption and this process can greatly influence anthocyanin content (Giusti & 
Wrolstad, 2003). Studies about the effects of processing temperatures on the stability 
of anthocyanins found that high temperature had detrimental effects on anthocyanins 
(Jiménez et al. 2010; Rodrigues, Pérez-Gregorio, García-Falcón, & Simal-Gándara, 
2009; Sadilova, Stintzing, Kammerer, & Carle, 2009). For instance, a thermal 
treatment at 95 °C for 3 min resulted in 43% loss of total anthocyanins when 
blueberries were processed into purees (Hager, Howard, & Prior, 2008). The impact 
of temperature on the stability of anthocyanins from various plant sources has been 
studied as presented in Chapter 3, and all anthocyanins exhibited faster degradations 
as temperature increased. Since the stability of anthocyanins can be affected by not 
only temperatures but also pH, it is necessary to understand the combined effects of 
temperature and pH on the stability of anthocyanins. Modern food processing 
technologies require high temperatures, such as ultra-high-temperature treatment 
(140-160 °C). However, the chemical stability of anthocyanins at high temperatures 
(above 100 °C) under different pHs have hardly been addressed. Thus, the aim of this 
chapter was to investigate the stability of anthocyanins in aqueous solutions with pH 
ranging from 2.2 to 6.0 under heat-treatment temperatures of 100 - 165 °C. Two 
individual anthocyanins, cyanidin-3-glucoside and cyanidin-3-rutinoside, were chosen 
in this study because cyanidin-3-glucoside is known as one of the most predominant 
anthocyanins in nature and cyanidin-3-rutinoside had been reported as the most 
thermally stable anthocyanin (Rubinskiene, Jasutiene, Venskutonis, & Viskelis, 2005). 
The total antioxidant capacity of samples before and after thermal treatments was also 
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measured in order to further understand the combined effects of thermal treatment and 
pH on the functionality of anthocyanins. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Materials 
Black rice extract powder and anthocyanins standards were obtained as described in 
Section 3.2.1. Potassium chloride, hydrogen chloride, and sodium acetate were 
purchased from Merck Millipore (Billerica, MA, USA). Disodium hydrogen 
phosphate, citric acid, trifluoroacetic acid (TFA, analytical grade), DPPH (2, 
2-diphenyl-1-picrylhydrazyl), ABTS (2, 2’-azinobis 
(3-ethylbenzothiazoline-6-sulfonic acid)), formic acid, potassium persulfate, and 
Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchloromane-2-carboxylic acid) were 
purchased form Sigma-Aldrich (St Louis, MO, USA). 
 
4.2.2 Cleaning Procedure of Anthocyanins 
The cleaning procedure of anthocyanins was performed as described in Section 3.2.2.  
 
4.2.3 Preparation of Anthocyanin Buffer Solution 
The buffer systems with a pH range of 2.2 - 6.0 were prepared using Na2HPO4 (0.2 
mol/L) and citric acid (0.1 mol/L). The pHs of the buffer systems were measured 
using a Metrohm 744 pH meter (Metrohm Ltd., Herisau, Switzerland). The 
proportions of the two components in the buffers are 2% Na2HPO4 and 98% citric 
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acid for pH 2.2, 20.55% Na2HPO4 and 79.45% citric acid for pH 3.0, 38.55% 
Na2HPO4 and 61.45% citric acid for pH 4.0, 51.5% Na2HPO4 and 48.5% citric acid 
for pH 5.0, and 63.15% Na2HPO4 and 36.85% citric acid for pH 6.0. Aliquots of 
cleaned anthocyanin liquid were re-suspended in each buffer solution to prepare the 
corresponding anthocyanin buffer solution with a concentration of around 200 mg/L. 
The exact concentration was determined using the pH differential method (Wrolstad, 
Durst, & Lee, 2005). 
 
4.2.4 Thermal Treatment of Anthocyanin Buffer Solutions 
Microwave as a heating method has many benefits compared to conventional heating 
methods, such as being rapid and uniform heating (Liu, Chen, Zhang, Qi, Zhang, & 
Yu, 2010). The rapid heating would minimize side reactions and improve 
reproducibility (Wang, Zhou, & Wen, 2006). Thermal treatments were conducted on 
the anthocyanin buffer solutions using a microwave reactor (Biotage, Uppsala, 
Sweden) according to the study with minor modifications (refer to Chapter 3). An 
aliquot of 3 mL of anthocyanin buffer solution was transferred into a 20 mL Biotage® 
microwave vial. The thermal treatments were conducted for 3, 5, 10, 15, 30 min at 
100 °C, for 3, 5, 7, 10, 15 min at 121 °C, for 1, 2, 3, 4, 5 min at 135 °C, for 0.5, 1, 1.5, 
2, 3 at 145 °C, and for 10, 20, 30, 40, 50 sec at 165 °C, respectively. The temperature 
profiles of the thermal treatments were in agreement with the previous work (refer to 
Chapter 3). After the thermal treatments, the samples were subjected to pH 
measurement, high-performance liquid chromatography (HPLC) analysis, and 
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antioxidant capacity analysis.  
 
4.2.5 Quantification of Anthocyanins using HPLC/DAD 
Quantification of the two individual anthocyanins was done using HPLC/DAD as 
described in Section 3.2.4. 
 
4.2.6 Antioxidant Capacity Analysis 
The antioxidant capacity of samples and control (without thermal treatment) was 
evaluated using both DPPH assay and ABTS assay as described in Section 3.2.8. 
 
4.2.7 Kinetic Model Development 
A pre-heating stage was observed in all the five thermal treatments. A substantial 
amount of anthocyanins might have been degraded in this pre-heating stage. In order 
to minimize the influences from the pre-heating stage, samples were heated up to 
0.5 °C below the target temperatures and then cooled down immediately in ice water. 
The concentration of anthocyanins in such treated samples were measured using the 
HPLC/DAD method and considered as the actual initial concentrations (i.e. 𝑑𝑑0, see 
below) for the subsequent modelling procedure (Nayak, Berrios, Powers, & Tang, 
2011). As the thermal degradation of anthocyanins was found to follow a first-order 
reaction in the previous study (refer to Chapter 3), in this study the degradation 
reaction was similarly assumed to be first-order (Eq. 4.1), which was subject to a 





= − 𝑘𝑘 ∙ 𝑑𝑑                                                                                                                        (4.1) 
where 𝑑𝑑 is the concentration of cyanidin-3-glucoside or cyanidin-3-rutinoside at 
time 𝑑𝑑 under a constant temperature condition; 𝑘𝑘 is degradation rate constant; 𝑑𝑑0 is 
the initial concentration of cyanidin-3-glucoside or cyanidin-3-rutinoside in samples. 
The degradation rate constant can be described with a 95% confidence interval (CI) as 
follows: 
95% CI of 𝑘𝑘 = 𝑘𝑘 ± 1.96 × 𝑆𝑆𝐸𝐸                                                                                           (4.2) 
where 𝑘𝑘 is the slope of the best-fit linear regression line of an experimental data set 
through ploting ln (𝑑𝑑/𝑑𝑑0) versus 𝑑𝑑; 1.96 is the critical value for a 95% confidence 
interval; 𝑆𝑆𝐸𝐸 is the standard error of the slope that can be calculated using Eq. 4.3.  
𝑆𝑆𝐸𝐸 =�
∑ (y𝑖𝑖 − ŷ𝑖𝑖)2𝑛𝑛𝑖𝑖=1(𝑙𝑙 − 2)∑ (x𝑖𝑖 − x̄)2𝑛𝑛𝑖𝑖=1                                                                                               (4.3) 
where x and y are the coordinates of the experimental data (x represents time and y represents ln (𝑑𝑑/𝑑𝑑0)); ŷ is the predicted value from the best-fit linear regression 
model; x̄ is the average value of x; 𝑙𝑙 is the sample size. 
 
The activation energy and pre-exponential factor of the degradation reaction of the 
two anthocyanins were computed using the Arrhenius model (Eq. 4.4). 





+ ln(𝐴𝐴)                                                                                                      (4.4) 
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where 𝐸𝐸𝑎𝑎  is activation energy (kJ/mol); 𝑅𝑅 is ideal gas constant (8.314 J/mol·K); 𝑇𝑇 
is temperature (K); and 𝐴𝐴 is pre-exponential factor (1/s). The values of 𝐸𝐸𝑎𝑎 and 𝐴𝐴 
were obtained from Eq. 4.4 by linear regression.  
 
To understand the correlation between activation energy (𝐸𝐸𝑎𝑎) and pre-exponential 
factor (𝐴𝐴) and the confidence interval of the two parameters, Monte Carlo simulation 
was performed as follows. 2000 sets of 𝐸𝐸𝑎𝑎  and 𝐴𝐴  were generated from the 
following five steps: (1) a normal distribution of 2000 points was randomly generated 
within the 95% confidence interval of each 𝑘𝑘  values using Matlab software 
(MATLAB, version 7.10.0 R2012a, the MathWorks Inc., Natick, Massachusetts, 
USA), and in the end a total of 10000 𝑘𝑘 values were generated under each pH 
condition at five temperatures; (2) the generated 𝑘𝑘 values were further converted to 
their respective ln (𝑘𝑘) values; (3) one ln (𝑘𝑘) value was randomly selected from each 
five temperature condition; (4) the five chosen ln (𝑘𝑘) values were scatter plotted 
against 1/ 𝑇𝑇 followed by linear regression using the least square method; (5) the 
activation energy and pre-exponential factor were therefore computed from the slope 
and intercept of the straight line, respectively. A total of 2000 sets of 𝐸𝐸𝑎𝑎 and 𝐴𝐴 were 
obtained under each pH condition for both cyanidin-3-glucoside and 
cyanidin-3-rutinoside. Under each pH condition, the 2000 generated activation energy 
values were plotted against the natural logarithm of their corresponding 
pre-exponential factor values.  
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4.2.8 Statistical Analysis 
One-way analysis of variance (ANOVA) followed by Duncan’s test (P < 0.05) was 
applied to compare differences between groups using SPSS software (version 20.0, 
SPSS Inc., Chicago, ILL, USA).  
 
4.3 RESULTS AND DISCUSSION 
4.3.1 pH Profile of Anthocyanin Buffer Solutions 
The pH values of the anthocyanin buffer solutions were measured before and after 
each thermal treatment. No significant difference (P > 0.05) was observed (data not 
shown), indicating that the thermal treatments did not adversely affect the buffering 
capacity of the solutions. Thus, using Na2HPO4 and citric acid to prepare the buffer 
was an effective way to maintain the pH level of a sample with an anthocyanin 
concentration of around 200 mg/L. 
 
4.3.2 Thermal Degradation Kinetics 
First-order plots for the degradation of cyanidin-3-glucoside and 
cyanidin-3-rutinoside at pH 2.2 are shown in Figure 4.1. The degradation rate 





Table 4.1 Degradation rate constants (𝑘𝑘×103, s-1) of cyanidin-3-glucoside and 
cyanidin-3-rutinoside under different conditions (mean ± 95% CI) † 
pH 
Cyanidin-3-glucoside 
100 °C 121 °C 135 °C 145 °C 165 °C 
2.2 0.89±0.11a 4.25±0.28a 11.41±1.55a 23.80±2.12a 90.54±17.77a 
3.0 1.01±0.12ab 4.75±0.24ab 13.31±1.26a 26.45±1.68abc 87.46±12.49a 
4.0 1.17±0.09ab 4.81±0.43ab 13.17±0.63a 25.68±2.08ab 109.39±9.72a 
5.0 1.33±0.11b 5.53±0.43b 12.23±1.02a 31.96±4.73c 109.29±18.33a 
6.0 3.07±0.27c 8.29±0.59c 18.59±1.78b 31.37±2.57bc 120.24±28.31a 
pH 
Cyanidin-3-rutinoside 
100 °C 121 °C 135 °C 145 °C 165 °C 
2.2 0.53±0.06a 2.59±0.24a 7.11±0.97a 14.98±0.88a 43.31±5.92a 
3.0 0.70±0.07a 2.76±0.20a 7.64±0.87a 13.98±1.12a 40.81±4.49a 
4.0 0.69±0.14a 2.67±0.25a 7.29±0.71a 13.69±1.78a 52.73±3.32ab 
5.0 0.85±0.23a 3.56±0.37b 6.36±0.77a 16.43±1.96a 73.92±9.86c 
6.0 2.55±0.34b 5.23±0.54c 10.63±1.37b 16.91±2.04a 63.42±7.73bc 
† Significant differences of values within the same column are indicated by different 
letters (P < 0.05). Although not indicated by letters, the values within each row are all 
significantly different from each other (P < 0.05). The CI values in this table were 




Figure 4.1 First-order plot for the degradation of the two anthocyanins over the 
temperature range of 100–165 °C and pH range of 2.2–6.0. Due to a significantly 
different time scale for the thermal treatment at pH 6 and 165 °C, only four lines were 
plotted under this condition. The square, circle, diamond, triangle, and asterisk 




4.3.2.1 Effect of Temperature 
The degradation rate constants of both cyanidin-3-glucoside and cyanidin-3-rutinoside 
increased with increasing temperature under all pH conditions (Table 4.1). The 
slightly decrease of the degradation rate of cyanidin-3-rutinoside at pH 6.0 & 165 °C 
may be due to the low level of cyanidin-3-rutinoside in samples which was hard to 
measure. The lowest (8.99×10-4 s-1) and highest (0.120 s-1) degradation rate constants 
for cyanidin-3-glucoside were observed at pH 2.2 & 100 °C, and at pH 6.0 & 165 °C, 
respectively, whereas for cyanidin-3-rutinoside, the lowest (5.33×10-4 s-1) and highest 
(7.39×10-2 s-1) degradation rate constants were observed at pH 2.2 &100 °C, and at pH 
5.0 & 165 °C, respectively.  
 
Higher temperatures led to a faster degradation of the two anthocyanins. An increase 
in temperature from 100 to 121 °C increased the degradation rate constant by 3 to 5 
times for both cyanidin-3-glucoside and cyanidin-3-rutinoside, e.g., for 
cyanidin-3-glucoside at pH 2.2, the degradation rate constant increased 4.7 times from 
8.99×10-4 to 4.25×10-3 s-1, and for cyanidin-3-rutinoside at pH 5.0, the degradation 
rate constant increased 4.2 times from 8.53×10-4 to 3.56×10-3 s-1. An increase from 
121 to 135 °C or from 135 to 145 °C roughly doubled the degradation rate constant, 
e.g., for cyanidin-3-glucoside at pH 5.0, the rate constant increased 2.2 times from 
5.53×10-3 to 1.22×10-2 s-1 as the temperature increased from 121 to 135 °C, and for 
cyanidin-3-rutinoside at pH 3.0, the degradation rate constant increased 1.8 times 
from 7.64×10-3 to 1.40×10-2 s-1 as the temperature increased from 135 to 145 °C. An 
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increase from 145 to 165 °C would increase the rate constant 3 to 4 times, e.g., for 
cyanidin-3-glucoside at pH 6.0, the degradation rate constant increased 3.8 times from 
3.14×10-2 to 0.120 s-1, and for cyanidin-3-rutinoside at pH 4.0, the degradation rate 
constant increased 3.8 times from 1.37×10-2 to 5.27×10-2 s-1. These observations were 
in good agreement with the well-known Q10 law, which states that a reaction rate 
approximately doubles with every 10 degree Celsius of temperature increase 
(Běhrádek, 1930). 
 
Cyanidin-3-rutinoside showed lower degradation rate constants than 
cyanidin-3-glucoside under all conditions, indicating that cyanidin-3-rutinoside was 
more stable than cyanidin-3-glucoside. Rubinskiene et al. (2005) examined the 
thermal stability of cyanidin-3-glucoside and cyanidin-3-rutinoside extracted from 
black currant and they found that the amounts of cyanidin-3-rutinoside and 
cyanidin-3-glucoside were decreased by 35% and 53%, respectively, after a thermal 
treatment at 95 °C for 150 min. This could be due to the additional glycosylation 
present in cyanidin-3-rutinoside which conferred a stabilizing effect. In general, 
diglucoside derivatives are more stable than monoglucosides due to the protective 
effect of the bound sugars through inhibiting the formation of unstable intermediates 
which will further degrade into phenolic acids and aldehydes (Fleschhut, Kratzer, 




4.3.2.2 Effect of pH 
As shown in Table 4.1, the degradation rate constants increased with increasing pH. 
The degradation rate constants of the two anthocyanins exhibited a gradual increase at 
a pH level below 5.0. The differences between the degradation rate constants were 
examined using ANOVA, and it was found that most of the degradation rate constants 
of the two anthocyanins at the pH level between 2.2 and 5.0 did not change 
significantly (P > 0.05), except at high temperatures (i.e. 145 and 165 °C). In 
comparison, increasing pH from 5.0 to 6.0 caused a significant increase (P < 0.05) in 
the degradation rate constants at the thermal treatment temperature of below 135 °C, 
e.g., the degradation rate constant of cyanidin-3-glucoside increased 2.3 times at 
100 °C and that of cyanidin-3-rutinoside increased 1.7 times at 135 °C. However, at 
145 and 165 °C, the degradation rate constant at pH 6.0 showed a minimal increase 
from those at pH 5.0, e.g., at 165 °C, the degradation rate constant of 
cyanidin-3-glucoside increased slightly from 0.109 to 0.120 s-1, while that of 
cyanidin-3-rutinoside decreased slightly from 7.39×10-2 to 6.34×10-2 s-1, but both 
were statistically non-significant (P > 0.05). 
 
The generally increasing trend of degradation rate constant with pH indicated that 
anthocyanins were stable at lower pH and unstable at higher pH conditions. 
Anthocyanins degraded dramatically at the pH level of above 6.0 under thermal 
treatment. Only trace amounts of anthocyanins were detectable at pH 7.0 and 8.0 even 
for a short time of heating (data not shown). In a previous study, six common 
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anthocyanin-3-glucosides, including cyanidin-3-glucoside, were studied and it was 
found that the stability of the six anthocyanins was greatly reduced as pH increased 
towards 5.0-6.0 (Cabrita, Fossen, & Andersen, 2000). The six anthocyanins were 
shown to have least stability near neutral pH conditions.  
 
4.3.2.3 Combined Effect of pH and Temperature 
The two anthocyanins exhibited dramatic differences in their stability under different 
pH and temperature combinations (Table 4.1). To better illustrate the combined effect 
of pH and temperature on the stability of the two specific anthocyanins, 3D plots 
showing the change of 𝑘𝑘 values with temperature and pH were created as shown in 
Figures 4.2 (A & B).  
 
Figure 4.2 (A & B) Degradation rate of cyanidin-3-glucoside (left) and 
cyanidin-3-rutinoside (right) as a function of temperature and pH; (C & D) Scatter 
plot of 2000 sets of 𝐸𝐸𝑎𝑎  and ln (𝐴𝐴)  of the cyanidin-3-glucoside (left) and 
cyanidin-3-rutinoside (right) over the temperature range of 100–165 °C and pH range 
of 2.2–6.0. The red, green, purple, yellow, and blue dots represent values for pH of 2.2, 
3.0, 4.0, 5.0, and 6.0, respectively.  
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From the figures, it can be seen that the combined effects of pH and temperature were 
neither simply an additive of their individual effects, nor a linear combination of them. 
In general, the pH played an important role in stabilizing anthocyanins under a 
thermal treatment. A lower pH system helped to reduce the thermal damages of 
anthocyanins, particularly during a high temperature treatment. However, compared 
to pH, temperature showed a bigger impact on the stability of the two anthocyanins. 
The loss of the two anthocyanins caused by an increase in temperature was much 
larger than that caused by an increase in pH. The degradation rate constants of 
cyanidin-3-glucoside and cyanidin-3-rutinoside were increased from 0.899 to 3.07 s-1 
and from 0.533 to 2.55 s-1, respectively, with an increase of pH from 2.2 to 6.0 at 
100 °C. In comparison, at pH 2.2, the increase of temperature from 100 to 165 °C 
caused faster increases of the degradation rate constants of the two anthocyanins from 
0.899 to 90.54 s-1 for cyanidin-3-glucoside and from 0.533 to 43.3 s-1 for 
cyanidin-3-rutinoside. These results again clearly showed that the temperature had a 
greater impact on the stability of the two anthocyanins than pH. Therefore, to retain 
more anthocyanins in processed foods of pH ≤ 6, the priority should be to firstly 
minimize thermal damages during food processing, and then to low down the pH of 
the food.  
 
4.3.2.4 Activation Energy and Exponential Factor 
The values of activation energy and exponential factor for the two anthocyanins are 
shown in Table 4.2. The activation energy values for cyanidin-3-glucoside and 
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cyanidin-3-rutinoside, ranging from 92.5 to 96.3 kJ/mol and 91.5 to 93.0 kJ/mol, 
respectively, were close to each other at a pH level between 2.2 and 5.0. The 
activation energy values at pH 6.0 were greatly reduced to 75.3 and 66.1 kJ/mol for 
cyanidin-3-glucoside and cyanidin-3-rutinoside, respectively. Similarly, the values for 
the pre-exponential factor were much smaller for both anthocyanins at pH 6.0. A 
drastic decrease in the activation energy was observed from pH 5.0 to 6.0. This 
finding suggested that pH 5.0 or 6.0 could be a transition pH range where the stability 
of anthocyanins was greatly reduced. The two anthocyanins were more resistant to 
degradation at lower pHs and they were more sensitive to thermal treatment at higher 
pHs (> 5.0). The kinetics parameters, including degradation rate constant and 
activation energy, varied depending on the source and nature of anthocyanins and 
other environmental factors, such as pH, temperature, and solid content. However, 
most of the reported 𝐸𝐸𝑎𝑎 values fell into the range of 20-200 kJ/mol. The 𝐸𝐸𝑎𝑎 values 
in this work (i.e., 75.3-96.3 kJ/mol for cyanidin-3-glucoside and 66.1-93.0 kJ/mol for 
cyanidin-3-rutinoside) were also within this range and in good agreement with the 
reported values.  
Table 4.2 Nominal values of activation energy and pre-exponential factor of 
cyanidin-3-glucoside and cyanidin-3-rutinoside under various pH conditions† 
pH 
Cyanidin-3-glucoside Cyanidin-3-rutinoside 
𝐸𝐸𝑎𝑎 (kJ/mol) 𝐴𝐴 ×109 (s-1) 𝐸𝐸𝑎𝑎  (kJ/mol)† 𝐴𝐴 ×109 (s-1)‡ 
2.2 96.3 25.7 93.0 5.62 
3.0 93.7 13.0 85.8 0.700 
4.0 94.4 17.3 90.5 2.95 
5.0 92.5 10.6 91.5 4.76 
6.0 75.3 0.123 66.1 0.00361 
† The nominal values (also named optimized values) of 𝐸𝐸𝑎𝑎 and 𝐴𝐴 were computed 
using the mean value of 𝑘𝑘 in Table 4.1.  
In the previous study, anthocyanins were directly dissolved in DI water, and the 
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resultant 𝐸𝐸𝑎𝑎  values were 87 and 104 kJ/mol for cyanidin-3-glucoside and 
cyanidin-3-rutinoside, respectively (refer to Chapter 3). Compared to the 𝐸𝐸𝑎𝑎 values 
of the two anthocyanins under pH of 2.2 - 5.0 in this study, those values are either 
slightly lower or slightly higher. These slight differences between the 𝐸𝐸𝑎𝑎 values in 
the two studies reflected the impact of the medium on the stability of the two 
anthocyanins. Nevertheless, the differences between the two systems were small.  
 
The correlation between activation energy (𝐸𝐸𝑎𝑎) and pre-exponential factor (𝐴𝐴) at 
different pHs and the confidence interval of the two parameters are shown in Figures 
4.2 (C & D). It can be seen that the activation energy had a positive correlation with 
the natural logarithm of pre-exponential factor (i.e. ln (𝐴𝐴)) across the pH range from 
2.2 to 6.0. The values of 𝐸𝐸𝑎𝑎 and ln (𝑘𝑘) of the two anthocyanins under pH 2.2 - 5.0 
were almost overlapping with each other. In comparison, the values at pH 6.0 were 
clearly separated from those under pH 2.2 - 5.0, which again supports that the pH 5.0 
to 6.0 could be a transition pH range for the degradation kinetics of the anthocyanins. 
 
4.3.3 Antioxidant Capacity 
The antioxidant capacity values of the samples under different pH conditions are 
summarized in Tables 4.3 and 4.4. The antioxidant capacity values of the samples 
measured by the DPPH assay (ranging from 0.3-0.8 mg Trolox equivalents/mL) were 
slightly lower than those measured by the ABTS assay (ranging from 0.5-1.3 mg 
Trolox equivalents/mL).  
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Table 4.3 Antioxidant capacity (mg Trolox equivalents/mL) of anthocyanin solutions upon heat treatments at 100-165 °C determined by the 
DPPH assay (mean ± SD, n=3) † 




0.395±0.024a 0.401±0.007ab 0.333±0.135a 0.415±0.019ab 0.414±0.016a 
2 0.395±0.043a 0.414±0.022ab 0.420±0.038abc 0.418±0.005ab 0.418±0.045a 
3 0.408±0.039ab 0.395±0.011ab 0.410±0.021abc 0.416±0.048ab 0.415±0.013a 
4 0.399±0.034a 0.399±0.004ab 0.414±0.020abc 0.415±0.027ab 0.415±0.032a 




0.529±0.058abcde 0.545±0.075bcd 0.512±0.066bcd 0.505±0.059bcd 0.552±0.076ab 
2 0.520±0.078abcde 0.531±0.068abc 0.535±0.068bcd 0.441±0.147abc 0.536±0.072ab 
3 0.452±0.119abc 0.530±0.065abc 0.543±0.064bcde 0.533±0.062bcde 0.538±0.070ab 
4 0.521±0.056abcde 0.520±0.054abc 0.538±0.059bcde 0.526±0.070bcde 0.536±0.065ab 




0.639±0.092defghi 0.515±0.066abc 0.600±0.089def 0.618±0.085defg 0.595±0.090bcd 
2 0.579±0.133cdefg 0.604±0.122cdef 0.614±0.098def 0.545±0.050bcde 0.603±0.109bcd 
3 0.594±0.103cdefg 0.598±0.099cdef 0.596±0.098def 0.623±0.078defg 0.562±0.054abc 
4 0.592±0.109cdefg 0.585±0.098cdef 0.573±0.120cdef 0.585±0.129cdef 0.592±0.097bcd 




0.763±0.080hi 0.733±0.071f 0.735±0.068f 0.697±0.033fg 0.659±0.188bcde 
2 0.714±0.050fghi 0.740±0.090f 0.658±0.167def 0.728±0.062fg 0.781±0.037e 
3 0.729±0.093ghi 0.725±0.080ef 0.726±0.046f 0.736±0.075fg 0.738±0.124de 
4 0.766±0.049i 0.696±0.099def 0.608±0.137def 0.662±0.076efg 0.718±0.074cde 
5 0.680±0.062efghi 0.672±0.129cdef 0.709±0.061ef 0.765±0.044g 0.693±0.081bcde 
6.0 1 0.713 
±0.033c 
0.648±0.073defghi 0.652±0.083cdef 0.662±0.080def 0.658±0.082efg 0.646±0.084bcde 
2 0.656±0.091defghi 0.616±0.049cdef 0.671±0.067def 0.672±0.079efg 0.641±0.081bcde 
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† Significant differences of values within the same column are indicated by different letters (P < 0.05). Although not indicated by letters, the 
values within each row are contiguous. ‡ No. 1-5 represent the thermal treatment durations of 3, 5, 10, 15, 30 min at 100 and 121 ºC, of 1, 3, 5, 












 Table 4.3 Continued 
 3  0.648±0.097defghi 0.659±0.079cdef 0.673±0.079def 0.648±0.045defg 0.639±0.088bcde 
4 0.630±0.106defghi 0.650±0.096cdef 0.661±0.079def 0.665±0.084efg 0.600±0.028bcd 
5 0.607±0.116cdefgh 0.633±0.121cdef 0.646±0.086def 0.649±0.058defg 0.623±0.005bcde 
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Table 4.4 Antioxidant capacity (mg Trolox equivalents/mL) of anthocyanin solutions upon heat treatments at 100-165 °C determined by the 
ABTS assay (mean ± SD, n=3) † 
pH No.‡ Control 100 °C 121 °C 135 °C 145 °C 165 °C 
2.2 1 
0.813±0.034ab 
0.780±0.205abcdef 0.525±0.104a 0.654±0.195a 0.895±0.051bcdefg 0.551±0.186a 
2 0.730±0.019abcd 0.681±0.209abcd 0.865±0.045abcdef 0.690±0.251ab 0.545±0.184a 
3 0.640±0.182ab 0.643±0.078ab 0.635±0.136a 0.704±0.202abc 0.588±0.150ab 
4 0.594±0.104a 0.673±0.134abc 0.650±0.256a 0.509±0.149a 0.596±0.142ab 
5 0.665±0.145ab 0.635±0.082ab 0.591±0.206a 0.705±0.326abc 0.614±0.187abc 
3.0 1 
0.780±0.058a 
0.767±0.074abcd 0.821±0.134abcdef 0.880±0.138abcdef 0.802±0.085abcde 0.919±0.124defg 
2 0.836±0.161abcde 0.826±0.139abcdef 0.871±0.069abcdef 0.852±0.101bcdef 0.863±0.135cde 
3 0.703±0.102abc 1.008±0.104cdefgh 0.792±0.135abc 0.957±0.054bcdefgh 0.796±0.114abcd 
4 0.767±0.104abcd 0.883±0.134bcdefgh 0.842±0.134abcde 0.803±0.135abcde 0.810±0.092bcd 
5 0.752±0.075abcd 0.854±0.306abcdefg 0.819±0.100abcd 0.938±0.143bcdefgh 0.876±0.123def 
4.0 1 
0.971±0.179bc 
0.866±0.272abcde 0.762±0.336abcde 0.789±0.268abc 0.975±0.215bcdefgh 0.914±0.049defg 
2 0.979±0.114cdef 0.803±0.262abcdef 0.860±0.186abcdef 1.001±0.066cdefgh 0.929±0.029defg 
3 0.769±0.195abcd 0.887±0.184bcdefgh 0.784±0.245ab 0.930±0.226bcdefgh 0.825±0.094bcd 
4 0.897±0.159abcdef 0.740±0.313abcde 0.844±0.115abcde 0.898±0.204bcdefg 0.747±0.150abcd 
5 0.924±0.194bcdef 0.808±0.277abcdef 0.824±0.345abcd 0.783±0.265abcd 0.912±0.049defg 
5.0 1 
1.010±0.019c 
1.088±0.057ef 1.038±0.047defgh 1.122±0.075cdefg 1.038±0.055defgh 1.124±0.152fgh 
2 1.043±0.143def 1.068±0.054efgh 1.160±0.073efg 1.045±0.093defgh 1.104±0.159efgh 
3 0.984±0.018cdef 1.072±0.103efgh 1.151±0.104defg 1.093±0.047defgh 1.165±0.140gh 
4 1.187±0.094f 1.033±0.175defgh 1.122±0.134cdefg 1.031±0.032defgh 1.165±0.083gh 
5 0.996±0.097cdef 1.071±0.097efgh 1.089±0.146bcdefg 1.099±0.035efgh 1.115±0.181efgh 
6.0 1 
1.262±0.057d 
1.083±0.113ef 1.128±0.185fgh 1.182±0.201fg 1.240±0.083h 1.257±0.196h 
2 1.000±0.167cdef 1.013±0.133cdefgh 1.207±0.083g 1.155±0.084fgh 1.190±0.046h 
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† Significant differences of values within the same column are indicated by different letters (P < 0.05). Although not indicated by letters, the 
values within each row are contiguous. ‡ No. 1-5 represent the thermal treatment durations of 3, 5, 10, 15, 30 min at 100 and 121 ºC, of 1, 3, 5, 
10, 15 min at 135 ºC, of 0.5, 1, 1.5, 3, 5 min at 145 ºC, and of 10, 20, 30, 40, 50 s at 165 ºC, respectively. 
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 3  0.930±0.290bcdef 1.221±0.143h 1.166±0.258efg 1.240±0.115h 1.275±0.081h 
4  1.022±0.202def 1.200±0.186gh 1.234±0.069g 1.192±0.209gh 1.164±0.094gh 
5  1.028±0.249def 1.078±0.190efgh 1.273±0.116g 1.217±0.018h 1.215±0.092h 
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Overall, it was found that although the two anthocyanins were degraded during the 
heat treatments, the total antioxidant capacity was not significantly affected (P > 0.05), 
i.e., the thermal treatments had a little impact on the total antioxidant capacity of the 
two anthocyanins under each pH. A previous study showed that anthocyanins, 
extracted from purple potato, exhibited similar antioxidant capacities under thermal 
treatments of 100-150 °C for 60 min (Nayak et al. 2011). Some of the degradation 
products of anthocyanins, such as procatechuic acid, phloroglucinaldehyde and 
4-hydroxybenzoic acid, have been reported to be a possible reason for keeping the 
antioxidant capacity at the same level between heat-treated and non-treated tart 
cherries (Seeram, Bourquin, & Nair, 2001).  
 
The pH had a strong impact on the antioxidant capacity of the anthocyanin solutions. 
There was an increasing trend of antioxidant capacity as the pH increased. The 
anthocyanin solutions at pH 2.2 had the lowest antioxidant capacity over all 
temperature conditions, which were approximately 0.40 and 0.65 mg Trolox 
equivalents/mL measured by the DPPH and ABTS assays, respectively. A higher 
antioxidant capacity of the anthocyanin solutions was observed at pH 5.0 and 6.0. 
However, Kalt, McDonald, & Donner (2000) reported that the antioxidant capacity of 
anthocyanins, extracted from blueberry juice, was similar under pH 1.0 and 4.0. 
Another study showed that the antioxidant capacity of several acylated anthocyanins 
from red radish was not significantly different (P > 0.05) under pH 3.0 and 7.0 
(Matsufuji, Kido, Misawa, Yaguchi, Otsuki, Chino, Takeda, & Yamagata, 2007). Since 
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anthocyanins may have different structures under different pH conditions, their 
quinoidal base, pseudo base and chalcone forms which are predominant forms at 
higher pH conditions may be more effective in scavenging free radicals. Further 
studies are required to correlate the amount of anthocyanins in different forms with 
the total antioxidant capacity.  
 
4.4 CONCLUSIONS 
In conclusion, both temperature and pH had dramatic impacts on the stability of the 
two anthocyanins. Cyanidin-3-rutinoside showed higher stability than 
cyanidin-3-glucoside under all the conditions investigated. The increase of 
temperature exhibited a stronger impact on the stability of the two anthocyanins than 
the increase of pH. Furthermore, pH 5.0 or 6.0 was shown to be a transition pH range 
where the loss of the two anthocyanins was accelerated. However, the antioxidant 
capacity of the anthocyanin solutions, both thermally treated and untreated, were 






CHANGES IN THE COLOR, CHEMICAL STABILITY AND 
ANTIOXIDANT CAPACITY OF THERMALLY TREATED 
ANTHOCYANIN AQUEOUS SOLUTION OVER STORAGE 
 
5.1 INTRODUCTION 
Color plays an important role in every food item we eat or drink, and it is often taken 
by consumers as a quality indicator and as well as for aesthetic reasons. One class of 
colorants is anthocyanins which are usually derived from natural sources, such as 
fruits, vegetables, legumes, and cereals (Bridle & Timberlake, 1997). Anthocyanins, 
belonging to the flavonoid group, are water-soluble compounds providing red, purple, 
and blue hues (Castañeda-Ovando, Pacheco-Hernández, Páez-Hernández, Rodríguez, 
& Galán-Vidal, 2009). They are also good antioxidants being able to prevent neuronal 
and cardiovascular illnesses, cancer, and diabetes (Konczak & Zhang, 2004).  
 
Thermal processing is one of the most common processes in the food industry, which 
helps to keep foods safe, prolong their shelf-life and enhance their functional 
properties. According to its heating intensity and temperature employed, thermal 
processing may be classified as pasteurization (63-100 °C), sterilization (100-130 °C), 
and ultra-high-temperature (UHT) treatment (130-160 °C). However, thermal 
processing can result in some undesired outcomes, such as loss of color and 
degradation of nutrients. Anthocyanins were reported to readily degrade during 
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thermal processing and the color of the food containing them was simultaneously 
affected (Patras, Brunton, O'Donnell, & Tiwari, 2010; van Boekel et al., 2010). 
Besides, storage temperature and duration were found to play a critical role in the loss 
of anthocyanins and color throughout storage (van Boekel et al., 2010). Thermally 
treated foods, such as juices and jams, often undergo long term storage before being 
consumed. The color, chemical stability, and nutritional properties of anthocyanins in 
such thermally treated foods may therefore change greatly during the storage. 
Fracassetti, Del Bo’, Simonetti, Gardana, Klimis-Zacas, & Ciappellano (2013) 
reported an overall reduction of anthocyanin content in freeze-dried wild blueberry 
powder at the storage temperatures of 25, 42, 60, and 80 °C over 49 days of storage. A 
loss of anthocyanin content was also observed in blueberry juice and blueberry fruits 
stored at 4 and -18 °C (Reque, Steffens, Jablonski, Flôres, Rios, & de Jong, 2013). 
Similarly, losses of anthocyanins in strawberry jams stored at room temperature were 
reported by Amaro, Soares, Pinho, Almeida, Pinho, & Ferreira (2013). They also 
observed that the color of strawberry jams turned from red to brownish after storage. 
From these studies, it is clear that the stability of anthocyanins is not merely affected 
by thermal processing but also influenced by storage.  
 
Studies on changes in the stability, color, and nutritional properties of thermally 
treated anthocyanins during storage are of great importance in order to better 
understand the degradation mechanisms of anthocyanins. However, to date, no studies 
have reported the impact of thermal processing and subsequent storage on the color, 
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chemical stability, and antioxidant capacity of anthocyanins, especially in an aqueous 
system instead of real food matrices. Real foods generally contain sugar, salt, fat, 
protein, etc., which may positively or negatively affect anthocyanins. Therefore, the 
studies of anthocyanins in real foods or model food systems are hard to reveal the real 
change of anthocyanins, which has also been addressed in the previous study as 
summarized before that anthocyanins (cyanidin-3-glucoside and cyanidin-3-rutinoside) 
in an aqueous system degraded much faster than those in real foods or model food 
systems (refer to Chapter 3). The present study in this chapter was aimed to 
investigate the color, chemical stability, and antioxidant capacity of anthocyanin 
aqueous solution that was thermally treated at 90, 100, 120, and 140 °C for both 30 s 
and 2 min, respectively, over 21 days of storage at 4, 25, 45, and 65 °C. Results of the 
study would be of value to understanding and predicting changes in the color, 
chemical stability, and antioxidant capacity of thermally treated 
anthocyanin-containing liquid foods throughout storage.  
 
5.2 MATERIALS AND METHODS 
5.2.1 Materials 
Anthocyanin-rich black rice extract powder and anthocyanins standards including 
cyanidin-3-glucoside and cyanidin-3-rutinoside were obtained as described in Section 
3.2.1. Trifluoroacetic acid (TFA, analytical grade), 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), formic acid, and 6-hydroxy-2,5,7,8-tetramethylchloroman-2-carboxylic acid 
(Trolox) were purchased from Sigma-Aldrich (Sigma-Aldrich, St Louis, MO, USA). 
65 
  
All the other chemicals were analytical grade. 
 
5.2.2 Purification Procedure of Anthocyanins 
Impurities in the anthocyanin-rich black rice extract powder were removed using solid 
phase extraction (SPE) technique as described in Section 3.2.2.  
 
5.2.3 Thermal Treatment of Anthocyanin Aqueous Solution 
Thermal treatment was conducted in a microwave reactor (Biotage, Sweden). 
Anthocyanin aqueous solution was heated for 30 s and 2 min at four designated 
temperatures including 90, 100, 120, and 140 °C, respectively. The thermally treated 
anthocyanin aqueous solutions were consequently transferred into incubators for 
accelerated shelf-life testing for up to 21 days.  
 
5.2.4 Accelerated Shelf-life Testing 
Control (i.e., non-thermally treated) and thermally treated anthocyanin aqueous 
solution were stored in dark at 4, 25, 45, and 65 °C in four separate incubators, 
respectively, for up to 21 days. During the storage, samples were withdrawn from 
anthocyanin aqueous solutions for measuring their color, anthocyanin concentration, 
and antioxidant capacity once every three days.  
 
5.2.5 Quantification of Anthocyanins using HPLC/DAD 
Anthocyanins were quantified with a focus on two specific anthocyanins: 
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cyanidin-3-glucoside and cyanidin-3-rutinoside as described in Section 3.2.4. Not 
only that the percentage of the two anthocyanins accounted for more than 90% of total 
anthocyanins in solutions, but also that cyanidin-3-glucoside is regarded as one of the 
most predominant anthocyanins in nature and cyanidin-3-rutinoside has been found to 
be the most thermally stable anthocyanin (Rubinskiene, Jasutiene, Venskutonis, & 
Viskelis, 2005; Stintzing & Carle, 2004). Therefore, they served as important markers 
for the study.  
 
5.2.6 Color Measurement and Modelling 
The color measurement was conducted in a transparent rectangular cell (size: 50 x 38 
mm; optical path: 10 mm) using a bench-top colorimeter CM-5 (Konica Minolta 
Sensing Inc., Tokyo, Japan). Since the most commonly used CIE 𝐿𝐿∗𝑎𝑎∗𝑏𝑏∗ coordinates 
are difficult to interpret color changes, the 𝐿𝐿∗𝑑𝑑∗𝐻𝐻° system, which was recommended 
by the International Commission on Illumination (CIE) as an optimized version of CIE  𝐿𝐿∗𝑎𝑎∗𝑏𝑏∗ method in 1976 (Loughrey, 2001; Wrolstad, Durst, & Lee, 2005), was 
adopted in measuring the color in this study. The coordinates of  𝐿𝐿∗𝑑𝑑∗𝐻𝐻° were 
calculated from 𝐿𝐿∗ , 𝑎𝑎∗ , and 𝑏𝑏∗  values based on the following equations: 𝑑𝑑∗ =
��𝑎𝑎∗2 + 𝑏𝑏∗2� and 𝐻𝐻° = tan−1 𝑏𝑏∗/𝑎𝑎∗, where 𝐿𝐿∗ represents the lightness measuring 
brightness with 100 and 0 equaling to absolute white and absolute black, respectively. 
Chroma (𝑑𝑑∗) measures intensity or saturation. 𝐻𝐻° indicates hue angle which is 
expressed on a 360° grid, with 0° and 180° corresponding to +𝑎𝑎∗ axis (red) and −𝑎𝑎∗ 
(green), respectively, and 90° and 270° for the +𝑏𝑏∗ axis (yellow) and −𝑏𝑏∗ (blue), 
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respectively. To understand color changes, total color difference (TCD) was computed 
using the formula TCD = �∆𝐿𝐿∗2 + ∆𝑏𝑏∗2 + ∆𝑎𝑎∗2  (Shin & Bhowmik, 1995), and 
modeled using a first order model (Eq. 5.1) which has been commonly applied to 




= 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑑𝑑)                                                                                                           (5.1) 
where 𝑇𝑇 is TCD at time 𝑑𝑑,  𝑇𝑇𝑟𝑟 is the final value of TCD, 𝑇𝑇0 is the initial value of TCD on day 0, 𝑘𝑘 is reaction rate constant, and 𝑑𝑑 represents storage time in days. 
Thus, the value of 𝑇𝑇0 equals to zero. Each group of data under the same thermal 
treatment and subsequent storage temperature condition was successively fitted to Eq. 
5.1. using the corresponding 𝑇𝑇𝑟𝑟 value as shown in Table 5.1. In order to visualize the 
color changes, color swatches were created from 𝐿𝐿∗, 𝑎𝑎∗, and 𝑏𝑏∗ values of each 
sample using Adobe Photoshop CC software (Adobe Systems, Inc., San Jose, CA, 
USA).  
 
5.2.7 Antioxidant Capacity Measurement 
The antioxidant capacity of samples was evaluated using DPPH assay as described in 
Section 3.2.8. 
 
5.2.8 Statistical Analysis 
All experiments were conducted in triplicate and values were presented in the form of 
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mean ± standard deviation. Modelling of TCD was achieved using Matlab software 
(MATLAB, version 8.10.604 R2013a, the MathWorks Inc., Natick, MA, USA). The 
antioxidant capacity was analyzed by one-way analysis of variance (ANOVA) using 
Duncan’s test with a significance level of P < 0.05. The ANOVA analysis was 
performed using SPSS (version 22, Chicago, IL, USA). 
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Changes in Color during Storage 
After the thermal treatments, the color of anthocyanin aqueous solutions showed 
noticeable differences compared to the control, which was reflected by the 𝐿𝐿∗, 𝑑𝑑∗, 
and 𝐻𝐻° values on day 0 for all storage temperatures (Figure 5.1). However, not much 
difference was observed in the color swatches (Figure 5.2). The color changes of 
anthocyanin aqueous solution were observed to occur more rapidly throughout storage 
with increasing thermal treatment temperature. The effect of thermal treatment on the 
color stability was not obvious at the beginning (day 0 at all storage temperatures), 
but became clear as the storage time increased. Compared with the control, the 
thermal treatment process accelerated the color change of anthocyanin aqueous 
solution over storage. An excellent color stability was observed at the storage 




Figure 5.1 Color stability of anthocyanin aqueous solution during storage at (a) 4 °C, 
(b) 25 °C, (c) 45 °C, and (d) 65 °C. The thermal treatment time of either 30 s or 2 min 
is indicated at the bottom right corner of each graph. Data symbols of , , , , 
and  symbols represent control, 90, 100, 120, and 140 °C thermally treated 
anthocyanins aqueous solutions, respectively. 
 
 
Figure 5.2 Color swatches for anthocyanin aqueous solution during storage at (a) 
4 °C, (b) 25 °C, (c) 45 °C, and (d) 65 °C.  
The storage temperature of 4 °C has also been reported as a suitable temperature to 
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stabilize the color of strawberry nectars (Gössinger, Moritz, Hermes, Wendelin, 
Scherbichler, Halbwirth et al., 2009). These results suggest that 4 °C is also a proper 
temperature to retain the color of thermally treated (up to 140°C) anthocyanin 
aqueous solution. Along with increasing storage temperatures, the anthocyanin 
aqueous solutions’ color started to shift from dark red to light yellow (as shown in the 
color swatches, Figure 5.2). All the solutions sored at 65 °C appeared to be 
orange/yellow color. It is also worthy to point out that the color changes of 
anthocyanin aqueous solutions exposed to either 30 s or 2 min of thermal treatment 
durations appeared very similar to each other at any given storage temperature and 
time.  
 
For the 4 °C storage, the color was observed to remain at dark red for the control, 90, 
100, and 120 °C thermally treated samples, whereas it changed to slightly less dark 
red for the samples thermally treated at 140 °C (Figure 5.2 (a)). More specifically, the 
control and thermally treated samples at both 90 and 100 °C for both 30 s and 2 min, 
respectively, showed little changes in their 𝐿𝐿∗, 𝑑𝑑∗, and 𝐻𝐻° values during the 21-day 
storage (Figure 5.1 (a)). In comparison, the color changes of the anthocyanin aqueous 
solutions thermally treated at both 120 and 140 °C for both 30 s and 2 min, 
respectively, showed noticeable increases in the first three days of storage and then 
remained relatively steady.  
 
The lightness (𝐿𝐿∗) and hue angle (𝐻𝐻°) values of all the samples stored at 25 °C showed 
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noticeable increases throughout storage (Figure 5.1 (b)). Similar changes can also be 
observed in the chroma (𝑑𝑑∗) values of the control, 90, and 100 °C thermally treated 
samples. A change in the chroma gave a change in color intensity, e.g. diluting red 
colored samples of different dilution strengths going from pink to red will have an 
increasing chroma values (Wrolstad et al., 2005). The observed increasing changes in 
the chroma values can be visually examined by its related color swatches shifting 
from dark red to light red (Figure 5.2 (b)). However, as to the samples thermally 
treated at 120 and 140 °C, chroma values increased first and then decreased generally 
throughout the storage. Possible reasons for this trend will be discussed later. The 
patterns of the color changes of anthocyanin aqueous solution stored at 45 °C 
appeared very similar to that stored at 25 °C, albeit more fast (Figure 5.2 (c)). One 
difference in the color changes was that the chroma values dropped after an initial 
increase for all the thermally treated anthocyanin aqueous solutions. Also, as shown in 
the color swatches, the anthocyanin aqueous solution appeared more yellowness.  
 
Color changes were even more pronounced for the anthocyanin aqueous solutions 
stored at 65 °C (Figure 5.1 (d)). Sharp increases were observed in the lightness and 
hue angle values of all the samples. The chroma values increased at the beginning, 
and then linearly decreased after the third day of storage for the thermally treated 
anthocyanin aqueous solutions, and after the sixth day for the control. Both the 
𝐿𝐿∗𝑑𝑑∗𝐻𝐻°  results and the color swatches indicated that the color of anthocyanin 
aqueous solutions changed over time from dark red to light orange and then to a final 
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light yellow color.  
 
An increase in the 𝐿𝐿∗ value was reported to be related to the formation of translucent 
extracts due to color fading, and the increasing of 𝐻𝐻°  towards 90° would be 
associated with the formation of yellow chalcone species (Reyes & Cisneros-Zevallos, 
2007). Similar increasing trends of 𝐿𝐿∗ and 𝐻𝐻° were also observed in non-thermally 
treated solutions containing anthocyanins stored at 6, 25, and 40 °C for up to 22 days 
(West & Mauer, 2013) and in ultrasonically treated berry juices (lingonberry, 
cranberry, and strawberry) stored at room temperature for 103 days (Rein & Heinonen, 
2004). Rodríguez-Saona, Giusti, & Wrolstad (1999) reported an increase in 𝐿𝐿∗ of 10 
units during the storage of radish anthocyanin extract for 42 weeks, radish juice for 27 
weeks, and potato juice and potato anthocyanin extract for 20 weeks, respectively, 
stored at 25 °C. In this study, the increases in 𝐿𝐿∗  of the anthocyanin aqueous 
solutions stored at 25 °C were observed to occur faster, considering the shorter 
storage time (21 days), with an increase of about 6, 5, 8, 29, 39 units for control, 
anthocyanin aqueous solutions thermally treated at 90, 100, 120, and 140 °C (30 s), 
respectively. Some investigations demonstrated that the co-pigmentation of 
anthocyanins with other compounds (co-pigments) is the main mechanism for 
stabilizing color in plants (Davies & Mazza, 1993). Therefore, the removed matrix 
impurities, such as sugars and phenolic acids, from the anthocyanin aqueous solutions 




The chroma, measuring intensity or saturation, is considered as the relation of a color 
to a neutral gray of the same lightness. The decreases in chroma value in Figure 5.1 
might be related to the degradation of anthocyanins in aqueous solutions. The 
increasing and then decreasing trends of chroma observed in Figure 5.1 (b-d) may be 
explained by the confounding factors that chroma will increase with increasing of 
pigment concentrations to a maximum, and then decrease as the color darkens; 
therefore, a pink and a dark red color can have identical chroma values (Wrolstad et 
al., 2005). More specifically, in this study, the chroma value on day 0 was lower than 
day 3 due to the higher concentration of anthocyanins on day 0 leading to a darken 
color with a lower chroma. When prolonging the storage time to day 6 or day 9, the 
concentration of anthocyanins in aqueous solutions was lower than day 0, while the 
chroma is similar as day 0.  
 
5.3.2 Analysis and Modelling of TCD 
A threshold value of TCD equals to one that is regarded as a noticeable color 
difference by the human eye (Gonnet, 1998). However, it was hard to tell the color 
differences among the control, 90, 100, and 120 °C thermally treated anthocyanin 
aqueous solutions stored at 4 °C (Figure 5.2 (a)), even though their TCD values were 
bigger than one. The modelling of TCD values were carried out using Eq. 5.1 by the 
least square optimization function in Matlab. Scatter plots of the measured TCD 
values of all the samples are presented in Figure 5.3 together with the modeled 
outputs (i.e., curves). As it can be seen, the measured TCD values mostly fall on their 
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related modeled curves, except a few points. Therefore, the color change of 
anthocyanin aqueous solution with or without thermal treatments (90-140 °C) could 
be predicted satisfactorily by the established model. The reaction rate constants (𝑘𝑘), RMSE (root mean square error), and R2 values are shown in Table 5.1. 
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Table 5.1 Kinetic parameters for the color change of anthocyanin aqueous solutions 




Control 1.69 0.22 0.42 0.64       
90 °C, 30 s 2.83 0.23 0.45 0.77  90 °C, 2 min 2.45 0.22 0.41 0.79 
100 °C, 30 s 2.59 0.24 0.22 0.94  100 °C, 2 min 3.03 0.49 0.40 0.86 
120 °C, 30 s 14.05 0.33 0.44 0.99  120 °C, 2 min 15.20 0.52 0.30 0.99 




Control 11.81 0.08 1.01 0.93       
90 °C, 30 s 9.40 0.08 0.84 0.91  90 °C, 2 min 15.29 0.08 1.49 0.91 
100 °C, 30 s 15.60 0.12 0.62 0.98  100 °C, 2 min 25.76 0.12 2.38 0.93 
120 °C, 30 s 31.48 0.19 2.71 0.91  120 °C, 2 min 31.03 0.14 1.27 0.98 




Control 14.91 0.23 0.72 0.98       
90 °C, 30 s 22.58 0.24 2.34 0.89  90 °C, 2 min 21.04 0.23 1.10 0.97 
100 °C, 30 s 28.22 0.26 2.37 0.92  100 °C, 2 min 27.69 0.25 2.69 0.90 
120 °C, 30 s 37.71 0.26 3.21 0.92  120 °C, 2 min 44.72 0.26 4.43 0.89 




Control 46.77 0.13 3.16 0.95       
90 °C, 30 s 52.62 0.12 3.09 0.96  90 °C, 2 min 58.47 0.11 3.65 0.96 
100 °C, 30 s 58.21 0.14 3.94 0.95  100 °C, 2 min 63.30 0.12 4.58 0.94 
120 °C, 30 s 65.96 0.16 4.30 0.95  120 °C, 2 min 70.61 0.14 4.29 0.96 




The total color differences of most of the anthocyanin aqueous solutions showed 
obvious an increase along with increasing thermal treatment temperature and storage 
temperature, which was reflected by the increasing reaction rates (Table 5.1). 
However, the difference in the thermal treatment time, i.e., 30 s and 2 min, didn’t 
affect much on the TCD. 
 
Figure 5.3 Modelling results of total color difference of anthocyanin aqueous solution 
under the temperature of (a and b): 4 °C, (c and d): 25 °C, (e and f): 45 °C, and (g and 
h): 65 °C. Experimental data are shown by , , , , and  symbols 
representing control, 90, 100, 120, and 140 °C thermally treated anthocyanins 
aqueous solutions, respectively. Modeled curves are shown by , , 
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, , and lines, which represent control samples and 
anthocyanin aqueous solution thermally treated at 90, 100, 120, and 140 °C, 
representing for 30 s (left-hand side figures) or 2 min (right-hand side figures).  
 
5.3.3 Changes in Anthocyanin Concentration during Storage 
The thermal treatment effects on the stability of the two individual anthocyanins are 
shown in Table 5.2.  
Table 5.2 Anthocyanin concentrations (mg/L) before and after thermal treatments 
*Control denotes the initial concentration of anthocyanins. 
Significant differences of values within the same row are indicated by different letters 
(P < 0.05). 
As expected, both the two anthocyanins were noticeably degraded by the thermal 
treatments. A significant loss of anthocyanins was found with the increase of thermal 
treatment temperature. Apart from the thermal treatment temperature, the thermal 
treatments at 120 and 140 °C for 2 min resulted in greater losses of anthocyanins than 
those at 120 and 140 °C for 30 s, respectively. Meanwhile, for the heating 
temperatures of 90 and 100 °C, extending the thermal treatment time to 2 min from 30 
s didn’t show much influence on the concentration of anthocyanins, which may be 
due to the much lower degradation rates at lower temperatures (refer to Chapter 3). 
The percentages of the two individual anthocyanins remaining in the solution 
throughout storage are presented in Figure 5.4. Not surprisingly, the anthocyanin 
 Control* 90 °C 100 °C 120 °C 140 °C 
 Thermal treatment for 30 s 
cyanidin-3-glucoside 219 ± 8.3a 152 ± 4.6b 105 ± 5.4c 77.8 ± 2.0d 33.2 ± 6.5f 
cyanidin-3-rutinoside 4.03 ± 0.65a 2.81 ± 0.04b 2.54 ± 0.33b 1.97 ± 0.09c 1.07 ± 0.08d 
 Thermal treatment for 2 min 
cyanidin-3-glucoside 219 ± 8.3a 147 ± 12b 103 ± 4.8c 66.0 ± 2.5e 22.8 ± 1.6g 
cyanidin-3-rutinoside 4.03 ± 0.65a 2.75 ± 0.26b 2.48 ± 0.05b 1.68 ± 0.03c 0.80 ± 0.02d 
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aqueous solutions stored at 4 °C showed the best stability than those stored at 25, 45, 
and 65 °C, which was also reflected by their corresponding color swatches in Figure 
5.2.  
 
Figure 5.4 Changes in the concentrations of cyanidin-3-glucoside (left graph) and 
cyanidin-3-rutinoside (right graph) over storage. In each plot, the top one shows those 
with a thermal treatment time of 30 s, and the bottom one shows those with a thermal 
treatment time of 2 min. Square, circle, up-triangle, down-triangle, and diamond 
symbols represent control, 90, 100, 120, and 140 °C thermally treated anthocyanins 
solution, respectively.  
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Overall, the anthocyanin aqueous solutions without thermal treatment showed an 
excellent stability. Cyanidin-3-rutinoside showed a better stability than 
cyanidin-3-glucoside at all storage temperatures, which was in agreement with the 
previous findings (refer to Chapter 3). Both the anthocyanins were degraded faster at 
the storage temperature of 65 °C, and almost all of the anthocyanins had been 
degraded at the end of storage (remaining < 1%). Rein et al. (2004) reported that after 
103 days of storage, 90% of anthocyanins in cranberry juice were lost, and raspberry 
and strawberry juices had lost almost all of their anthocyanins with only 1% 
remaining. In a study dealing with strawberries canned in 20 °Brix syrup, a decline of 
69 % in total anthocyanins over 60 days of storage at room temperature was observed 
(Ngo, Wrolstad, & Zhao, 2007). Apparently, the degradation rate of anthocyanins in 
this study were much faster than those reported in the literature. This may be due to 
the high purity of anthocyanins used in preparing the aqueous solutions in the current 
study. The anthocyanins were prepared by removing sugars, phenolic acids, and etc., 
and thus the co-pigmentation effect of anthocyanins with other compounds was lower 
than that in real foods. The co-pigmentation effect may provide a greater stability of 
anthocyanins towards a change in pH, heat, and light (Francis, 1992). Therefore, the 
accelerated degradation rate of anthocyanins in this study may be due to the lower 
co-pigmentation effect, which may serve as useful information on the upper limit for 





5.3.4 Changes in Antioxidant Capacity during Storage 
The change in the antioxidant capacity of the anthocyanin aqueous solution during 
storage are shown in Table 5.3. It is interesting to note that the antioxidant capacity of 
the anthocyanin aqueous solutions before and after the thermal treatments remained 
the same (not significantly different, P > 0.05). The storage temperatures of 4 and 
25 °C showed little impact on the antioxidant capacity of the anthocyanin aqueous 
solutions. However, the end-of-storage antioxidant capacity of the thermally treated 
anthocyanin aqueous solutions at higher temperatures (i.e., 120 and 140 °C) stored at 
45 and 65 °C dropped significantly (P < 0.05). Considering the small quantity of 
remaining anthocyanins (i.e., cyanidin-3-glucoside and cyanidin-3-rutinoside) in the 
solutions at the end of storage (Figure 5.4), it is of significant interest to note that the 
corresponding anthocyanin aqueous solutions still had substantial antioxidant 
capacities.  
 
Changes of antioxidant capacity of anthocyanins during thermal processing or storage 
have been a subject of some debates. Some other works dealing with anthocyanin 
aqueous solutions found that their antioxidant capacity stayed at similar levels during 
thermal processing (up to 165 °C) (Nayak, Berrios, Powers, & Tang, 2011). Similar 
conclusions were also drawn for real food systems. Vegara, Mena, Martí, Saura, & 
Valero, (2013) found that pasteurizations had no impact on the antioxidant capacity of 
pomegranate juices; however, the antioxidant capacity was decreased during 
subsequent storage. They reported that pomegranate juices stored at 5 °C showed a 
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slower loss (lost 44-66% after 120 days) of antioxidant capacity than those stored at 
25 °C (lost 43-68% after 45 days). In addition, Hager, Howard, Prior, & Brownmiller, 
(2008) reported significant losses of anthocyanins in all thermally processed black 
raspberry products, but their antioxidant capacity changed little during storage, 
suggesting that polymeric compounds formed during storage compensated for the loss 
of antioxidant capacity. Partially oxidized polyphenolics that were generated during 
food processing have been reported to exhibit higher antioxidant activity than the 
corresponding non-oxidized forms (López-Nicolás & García-Carmona, 2009). The 
antioxidant ability of partially oxidized polyphenols was increased through donating a 
hydrogen atom from the aromatic hydroxyl group to a free unpaired electron, while 
strongly oxidized phenols exhibited lower radical scavenging properties. However, 
Sadilova, Carle, & Stintzing, (2007) had a contradictory view that the loss of 
antioxidant capacity cannot be compensated. They observed newly formed colorless 
phenolics upon heating anthocyanin extracts from elderberry, black carrot, and 
strawberry over 6 h at 95 °C, and more importantly, the newly formed phenolics had 
higher antioxidant capacity than their parent anthocyanins on the same concentration 
basis. However, the newly formed phenolics were not sufficient to maintain the 
antioxidant capacity level of the extracts. Also, it is noteworthy that the antioxidant 
capacity of anthocyanins highly depends on their chemical structures (Bueno, 
Ramos-Escudero, Sáez-Plaza, Muñoz, José Navas, & Asuero, 2012). In light of these 
findings and considering the different chemical structures of anthocyanins, it may be 
concluded that the antioxidant capacity of anthocyanins was compensated by a 
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combined effect including partial oxidization, polymerization, as well as newly 
formed phenolics. 
5.4 CONCLUSIONS 
The color and stability of thermally treated anthocyanin aqueous solution were largely 
affected by the storage temperature. Overall, the degradation rate of anthocyanins in 
aqueous solutions was much faster than those reported in real foods. This might be 
due to the high purity of anthocyanins used in this study for preparing the aqueous 
solutions, in which the majority of other compounds such as sugars, organic acids, 
proteins, metallic ions, etc. had been removed. Anthocyanin aqueous solutions with or 
without a thermal treatment showed excellent color and chemical stability at the 
storage temperature of 4 °C. Increasing storage temperature to 65 °C yielded a decay 
in both color and anthocyanin concentration over storage. Anthocyanin aqueous 
solutions thermally treated at higher temperatures lost color more easily than those 
heated at lower temperatures throughout storage. The antioxidant capacity of the 
anthocyanin aqueous solutions was stable at the storage temperature of 4 and 25 °C, 
despite that a considerable amount of anthocyanins were lost. However, significant (P 
< 0.05) drops in antioxidant capacity took place in the anthocyanin aqueous solutions 




Table 5.3 Changes in antioxidant capacity (mg Trolox equivalents/mL) of anthocyanin aqueous solutions* 
Days Control 
90 °C 100 °C 120 °C 140 °C 90 °C 100 °C 120 °C 140 °C 
30 s  2 min 




3 0.201±0.018 a 0.204±0.028 ab 0.198±0.014 a 0.202±0.014 ab 0.195±0.011 ab 0.203±0.047 ab 0.204±0.018 a 0.200±0.009 ab 0.192±0.008 ab 
6 0.199±0.015 a 0.204±0.035 ab 0.201±0.034 a 0.199±0.031 ab 0.199±0.013 ab 0.204±0.016 ab 0.203±0.010 a 0.201±0.013 ab 0.194±0.013 ab 
9 0.205±0.039 a 0.204±0.032 ab 0.200±0.028 a 0.194±0.028 abc 0.193±0.013 abc 0.204±0.010 ab 0.199±0.009 a 0.199±0.017 ab 0.191±0.010 abc 
12 0.200±0.014 a 0.208±0.024 a 0.201±0.024 a 0.203±0.022 ab 0.195±0.018 ab 0.207±0.011 a 0.205±0.014 a 0.201±0.022 ab 0.196±0.018 ab 
15 0.192±0.018 ab 0.202±0.018 ab 0.200±0.020 a 0.197±0.019 ab 0.187±0.026 abc 0.202±0.019 ab 0.201±0.022 a 0.194±0.018 abcd 0.186±0.030 abcd 
18 0.198±0.022 a 0.202±0.014 ab 0.199±0.014 a 0.194±0.031 abc 0.186±0.024 abc 0.202±0.016 ab 0.199±0.009 a 0.191±0.026 abcd 0.179±0.023 abcd 




3 0.199±0.013 a 0.202±0.018 ab 0.199±0.030 a 0.199±0.014 ab 0.197±0.024 ab 0.203±0.014 ab 0.202±0.019 a 0.196±0.009 abc 0.194±0.019 ab 
6 0.201±0.022 a 0.204±0.022 ab 0.200±0.019 a 0.197±0.019 ab 0.195±0.014 ab 0.203±0.022 ab 0.200±0.031 a 0.199±0.012 ab 0.193±0.014 ab 
9 0.204±0.009 a 0.202±0.019 ab 0.201±0.027 a 0.183±0.018 abcde 0.186±0.010 abc 0.200±0.018 ab 0.196±0.035 a 0.187±0.013 abcde 0.172±0.033 bcde 
12 0.204±0.007 a 0.204±0.013 ab 0.203±0.031 a 0.187±0.017 abcde 0.177±0.013 abcd 0.208±0.027 a 0.207±0.023 a 0.188±0.019 abcd 0.179±0.016 abcd 
15 0.199±0.034 a 0.199±0.018 abc 0.194±0.019 ab 0.188±0.035 abcde 0.186±0.014 abc 0.197±0.014 ab 0.194±0.028 a 0.191±0.039 abcd 0.177±0.028 abcd 
18 0.195±0.015 ab 0.198±0.024 abcd 0.193±0.023 abc 0.189±0.028 abcde 0.178±0.024 abcd 0.197±0.014 ab 0.193±0.019 a 0.189±0.022 abcd 0.170±0.019 bcde 




3 0.202±0.010 a 0.201±0.024 ab 0.199±0.018 a 0.196±0.015 ab 0.187±0.015 abc 0.203±0.026 ab 0.198±0.010 a 0.182±0.030 abcde 0.194±0.011 ab 
6 0.202±0.018 a 0.196±0.031 abcd 0.194±0.022 ab 0.190±0.027 abcd 0.178±0.035 abcd 0.198±0.018 ab 0.189±0.022 a 0.184±0.027 abcde 0.192±0.022 ab 
9 0.206±0.028 a 0.194±0.027 abcd 0.187±0.016 abcd 0.179±0.029 abcde 0.165±0.031 abcdef 0.193±0.032 ab 0.186±0.015 ab 0.176±0.030 abcdef 0.189±0.028 abcd 
12 0.202±0.032 a 0.192±0.023 abcd 0.185±0.034 abcd 0.179±0.013 abcde 0.159±0.018 bcdef 0.189±0.015 ab 0.189±0.031 a 0.173±0.267 abcdef 0.182±0.036 abcd 
15 0.196±0.037 a 0.184±0.014 abcd 0.177±0.028 abcd 0.168±0.023 abcde 0.162±0.025 bcdef 0.184±0.033 ab 0.175±0.011 abc 0.165±0.026 bcdef 0.167±0.011 bcdef 
18 0.197±0.040 a 0.182±0.023 abcd 0.175±0.022 abcd 0.164±0.028 abcde 0.161±0.014 bcdef 0.182±0.031 ab 0.174±0.022 abc 0.160±0.022 cdef 0.163±0.019 bcdefg 
21 0.195±0.018 ab 0.183±0.027 abcd 0.175±0.020 abcd 0.165±0.010 abcde 0.160±0.027 bcdef 0.183±0.031 ab 0.173±0.011 abc 0.157±0.010 def 0.157±0.031 cdefg 
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* values with the same superscript letter within the same column are not significantly different (P > 0.05). 
 




3 0.199±0.018 a 0.193±0.014 abcd 0.191±0.013 abcd 0.186±0.040 abcde 0.183±0.018 abcd 0.190±0.015 ab 0.186±0.035 ab 0.188±0.015 abcd 0.184±0.018 abcd 
6 0.187±0.022 ab 0.179±0.010 abcd 0.167±0.014 abcd 0.163±0.031 abcde 0.153±0.013 cdef 0.174±0.019 abc 0.170±0.019 abc 0.160±0.018 cdef 0.153±0.022 efg 
9 0.175±0.009 ab 0.171±0.022 abcd 0.166±0.006 abcd 0.159±0.023 bcde 0.154±0.026 cdef 0.170±0.024 abc 0.168±0.023 abc 0.165±0.024 bcdef 0.155±0.013 defg 
12 0.169±0.015 ab 0.168±0.013 abcd 0.162±0.022 abcd 0.149±0.014 cde 0.144±0.031 def 0.162±0.018 bc 0.170±0.018 abc 0.150±0.015 ef 0.135±0.009 fg 
15 0.157±0.014 bc 0.158±0.027 cd 0.153±0.034 bcd 0.144±0.018 de 0.145±0.029 def 0.138±0.031 c 0.150±0.023 bc 0.141±0.016 f 0.134±0.018 fg 
18 0.153±0.018 c 0.164±0.023 bcd 0.148±0.011 d 0.143±0.019 e 0.143±0.018 ef 0.141±0.027 c 0.147±0.018 c 0.140±0.031 f 0.133±0.015 g 




ANTHOCYANINS DURING BAKING: THEIR DEGRADATION 
KINETICS AND IMPACTS ON COLOR AND ANTIOXIDANT 
CAPACITY OF BREAD 
 
6.1 INTRODUCTION 
Anthocyanins, a subgroup of water-soluble flavonoids which occur naturally in the 
plant kingdom, are responsible for many of the colors observed in nature. Studies 
have demonstrated that anthocyanins can help in the prevention of cardiovascular and 
neurological diseases, cancer, and inflammation (Konczak & Zhang, 2004). They 
have also been shown to play a role in obesity and diabetes control, and in improving 
visual functions (Tsuda, 2012). Owing to their antioxidant capacity and the associated 
health benefits, anthocyanins have gained increased attention in recent years. 
 
Currently, a number of foods have been identified to be rich sources of anthocyanins. 
These include fruits such as berries, grapes, plums, and cherries (Fernandes, Marques, 
de Freitas, & Mateus, 2013) as well as grains and vegetables such as black rice, black 
carrots, purple sweet potatoes, and red cabbages (Wiczkowski, Topolska, & Honke, 
2014). According to Chun, Chung, and Song (2007) the daily anthocyanin 
consumption was found to be ranging from 3 to 15 mg/person in the United States. 
This value is subject to great variations due to differences in dietary choices. To 
increase the amount of anthocyanins consumed, many food products have been 
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created from anthocyanin-rich food materials, or have been fortified with 
anthocyanins such as cereals, tortillas, baby foods, soft drinks, and dairy products 
(Bueno, Sáez-Plaza, Ramos-Escudero, Jimenez, Fett, & Asuero, 2012; Shipp & 
Abdel-Aal, 2010; Vera de Rosso & Mercadante, 2007; Hernández-Herrero & Frutos, 
2014a). As bakery products are among the most commonly consumed food products 
in the world, it is of considerable interest to incorporate anthocyanins in bakery 
products to improve their value as a health-promoting food. A recent study conducted 
by Rodriguez-Mateos, Cifuentes-Gomez, George, and Spencer (2014) showed that 
anthocyanin content in blueberry-enriched bread decreased significantly during the 
baking process. However, the authors did not proceed to an in-depth study to develop 
mathematical models that would enable the prediction of anthocyanin content under 
various baking conditions. Moreover, the effect of baking on the antioxidant 
properties of anthocyanin-rich bread was not studied. As the antioxidant capacity of 
anthocyanin-rich foods is among the major properties to make them attractive, it is 
important to study the effect of baking on their antioxidant properties which measure 
their ability to scavenge free radicals. In addition, the color development of the 
blueberry-enriched bakery product was not addressed, which could be a critical factor 
in determining consumers’ acceptance of the food product.  
 
Black rice (Oryza sativa L. indica) has been regarded as a health-promoting food due 
to the large amount of anthocyanins contained in its aleurone layer (Lee, 2010). 
Cyanidin-3-glucoside has been found to be the most abundant anthocyanin in black 
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rice, and it is also one of the most predominant anthocyanins present in nature. 
Besides, cyanidin-3-rutinoside, which also was found in black rice, has been found to 
be the most thermally stable anthocyanin (Rubinskiene, Jasutiene, Venskutonis, & 
Viskelis, 2005). Hence, these two anthocyanins were selected as the focus of this 
study. By incorporating anthocyanin-rich powder extracted from black rice to a 
standard formulation of bread, this project aimed to study the kinetic profile of 
anthocyanins during bread baking process. Based on the kinetic profile obtained, a 
mathematical model was developed which could allow the prediction of the amount of 
anthocyanins in the fortified bread under various baking conditions including different 
baking temperatures and durations. Moreover, the antioxidant capacity and total 
phenolic content of the bread before and after baking as well as the color development 
of the bread crust and crumb during baking were also evaluated.  
 
6.2 MATERIALS AND METHODS 
6.2.1 Materials 
Wheat flour (11.7% protein, 14.0% moisture) was obtained from Prima Ltd., 
Singapore. Pure cane sugar (fine grain, NTUC Fairprice Cooperative Ltd., Singapore), 
fine salt (NTUC Fairprice Cooperative Ltd., Singapore), vegetable shortening (Bake 
King, Gim Hin Lee Ltd., Singapore), and instant dry active yeast (Saccharomyces 
cerevisiae, S.I. Lesaffre, France) were purchased from a local supermarket. 
Commercial anthocyanin-rich black rice powder (ABRP) and cyanidin-3-glucoside 
and cyanidin-3-rutinoside standards were obtained as described in Section 3.2.1. 
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DPPH (2,2-diphenyl-1-picrylhydrazyl), formic acid, and Folin-Ciocalteu reagent were 
purchased from Sigma–Aldrich (Sigma–Aldrich, St Louis, MO, USA).  
 
6.2.2 Bread Sample Preparation 
Bread samples were prepared based on a no-time bread-making process described by 
Wang and Zhou (2004) with some modifications. In brief, anthocyanin-fortified flour 
was prepared by incorporating ABRP into flour at a concentration of 2 g/kg flour. 
Bread dough was prepared by mixing 1 kg anthocyanin-fortified flour, 590 g water, 40 
g sugar, 30 g shortening, 12 g salt, and 10 g instant dry active yeast at a slow speed 
for 1 min followed by an intense mixing for 5 min in a mixer (WAG-RN20, Varimixer, 
Globe, US). After a resting period of 15 min at room temperature, the dough was 
divided and moulded to 60 g each using an electronic moulder (DR Robot, Daub 
Bakery Machinery B.V., Holland), followed by 70 min of proofing at 40 °C/85% 
relative humidity in a proofer (Climatic chamber-KBF, Binder, Germany) before the 
dough proceeded to baking. The designated temperatures of the oven (Eurofours, 
France) were 200, 220, and 240 °C, and the baking durations were 0, 2, 4, 6, 8, 10, 
and 12 min at each temperature. Type T thermocouples were placed in the oven, at 
dough surface (around 1 mm below the dough surface), and at dough center to record 
the temperature profiles at those positions during baking. A diagram depicting the 




Figure 6.1 A scheme showing the position of type T thermocouples and sampling area 
on bread. 
 
6.2.3 Moisture Content Analysis 
Moisture content was analysed based on AOAC Official Method 945.15 (AOCS 2000) 
with minor modifications. Around 2 g of sample were placed in a pre-dried and 
cooled dish, and heated in an oven (Memmert, Germany) at 100 °C until a constant 
weight was achieved. At the end of drying, the sample was immediately transferred to 
a desiccator and weighed after it had reached room temperature. The moisture content 
was calculated based on the percentage change in the weight of the sample.  
 
6.2.4 pH Measurement 
The pH measurement was performed according to AOAC Official Method 943.02 
(AOCS, 2000). Briefly, 5 g of sample were placed in a reagent bottle followed by the 
addition of 50 mL deionised water. The mixture was agitated for 30 min using an 
orbital shaker (IKA VXR basic Vibrax, Staufen, Germany) at 200 rpm and were left to 
stand for 10 min before measuring the pH of the supernatant using a pH meter 




6.2.5 Color Measurement 
Color evaluation of sample was conducted using a spectrophotometer (CM-5 
spectrophotometer, Konica Minolta, Japan) with D65 as the light source, and readings 
were expressed as 𝐿𝐿∗ (lightness), 𝑑𝑑∗ (chroma or saturation), and 𝐻𝐻° (hue) values. 
The 𝐿𝐿∗𝑑𝑑∗𝐻𝐻° system was adopted instead of the commonly used 𝐿𝐿∗𝑎𝑎∗𝑏𝑏∗ system as 
the former allows a better interpretation and comparison of color shades (Homann, 
2009). In contrast, 𝐿𝐿∗𝑎𝑎∗𝑏𝑏∗ values do not express chroma and hue directly and are 
hard to interpret independently (Reyes & Cisneros-Zevallos, 2007). The coordinates 
of CIE 𝐿𝐿∗𝑑𝑑∗𝐻𝐻° were computed from 𝐿𝐿∗, 𝑎𝑎∗, and 𝑏𝑏∗ values based on the following 
equations: 𝑑𝑑∗ = ��𝑎𝑎∗2 + 𝑏𝑏∗2�  and 𝐻𝐻° = tan−1 𝑏𝑏∗/𝑎𝑎∗ , where 𝐿𝐿∗  represents the 
lightness measuring brightness with 100 and 0 corresponding to absolute white and 
absolute black, respectively. Chroma (𝑑𝑑∗) measures intensity or saturation, and 𝐻𝐻° 
indicates hue angle which is expressed on a 360° grid, with 0° and 180° 
corresponding to +𝑎𝑎∗ axis (red) and −𝑎𝑎∗ (green), respectively, 90° and 270° for the +𝑏𝑏∗ axis (yellow) and −𝑏𝑏∗ (blue), respectively. For both crust and crumb of bread, 
triplicate measurements at different spots were performed for each sample to account 
for non-homogeneous color distribution in the crust and the crumb.  
 
6.2.6 Extraction of Anthocyanins 
Sample extraction was conducted according to the method by Rodriguez-Saona and 
Wrolstad (2001). For every sampling time (bread was sampled at the baking durations 
of 0, 2, 4, 6, 8, 10, and 12 min for the baking temperature of 200, 220, and 240 °C, 
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respectively), a new batch of bread baking was necessary as otherwise the 
temperature profile of those non-sampled ones would have been severely disturbed, 
which would render them unsuitable for the subsequent sampling. Triplicate batches 
of bread baking were conducted. Sample was freeze-dried, ground and well-mixed; 
after which, 5 g of sample was placed in a centrifuge tube and macerated with 10 mL 
of acidified methanol (0.01% v/v HCl in methanol) for 30 min. During maceration, 
the mixture was constantly agitated using the orbital shaker at 200 rpm. Subsequently, 
the slurry was filtered through Whatman No. 1 filter paper via vacuum suction using a 
Buchner funnel to separate the liquid fraction, and the solid fraction that remained on 
the filter paper was re-extracted for several rounds (the number of extraction rounds 
was determined as described below). The liquid fraction was condensed by 
evaporating methanol at 40 °C under vacuum. Afterwards, the condensed liquid 
extract was made up to 5 mL with acidified deionised water (5% v/v formic acid), and 
stored in the dark at -20 °C until its anthocyanins, antioxidant capacity, and total 
phenolics were measured. The three analytical methods were performed on samples 
from the same bread liquid extract.  
 
To determine the number of extraction rounds required to extract all anthocyanins 
from the sample, 3, 4, 5, and 6 rounds of extraction were performed as described 
previously. It was found that 4 rounds of extraction were sufficient as it allowed the 
maximum extraction of anthocyanins at approximately 65%, while 5 and 6 rounds of 
extraction did not show a significant increase in the amount of anthocyanins extracted 
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(data not shown). Hence, 4 rounds of sample extraction were conducted in this study. 
To determine the recovery rate of the analysis method, freeze-dried plain dough 
powder was spiked with ABRP. Sample extraction and analysis were conducted as 
described previously. The recovery rate was obtained based on the ratio of the 
measured amount of anthocyanin content to the original spiked amount of 
anthocyanins. The recovery rate of the anthocyanins was found to be above 97% (data 
not shown).  
 
6.2.7 Quantification of Anthocyanins using HPLC/DAD 
Analysis of anthocyanins was carried out using HPLC/DAD as described in Section 
3.2.4.  
 
6.2.8 Non-isothermal Kinetic Modelling 
Based on the previous study (refer to Chapter 3), it was assumed that the thermal 
degradation of the two specific anthocyanins in this experiment followed a first order 
reaction, which was to be verified by examining the modelling results. The first order 
kinetic model could be described using Eq. 3.1. Temperature dependence of the 
degradation rate constant of the anthocyanins was represented by the Arrhenius model 
(Eq. 3.2) as previously suggested by others (Sólyom, Solá, Cocero, & Mato, 2014). 
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 was chosen to be 125 and 65 °C for crust and crumb samples, respectively, 





During baking, the temperature of bread increased gradually; thus the baking process 
was a non-isothermal process. The non-isothermal kinetic modelling was performed 
as described in Section 3.2.5. The activation energy (𝐸𝐸𝑎𝑎) of anthocyanin degradation 
in a bread system was assumed to be independent of the medium environment and 
equivalent to that in an aqueous system (Wang, Zhou, & Jiang, 2008). To find the 
optimum value of 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 , the 𝐸𝐸𝑎𝑎  values of cyanidin-3-glucoside and 
cyanidin-3-rutinoside were taken to be at 92.5 kJ/mol and 91.5 kJ/mol, respectively, 
according to the previous work evaluating the stability of cyanidin-3-glucoside and 
cyanidin-3-rutinoside in an aqueous system at pH 5 (refer to Chapter 4).  
 
6.2.9 Antioxidant Capacity Analysis 
The antioxidant capacity of bread liquid extract (obtained based on the method 
described in Section 2.6) or Trolox was measured using DPPH assay as described in 
Section 3.2.8. 
 
6.2.10 Total Phenolics Analysis 
Folin-Ciocalteu assay was performed based on the method reported by Waterhouse 
(2001). 20 µL bread liquid extract (obtained based on the method described in Section 
2.6), 1.58 mL deionised water and 100 µL Folin-Ciocalteu reagent were mixed in a 
cuvette and the mixture was incubated for 5 min in the dark. 300 µL sodium carbonate 
solution (0.7 M) was then added into the mixture and was kept in the dark for 2 h at 
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room temperature. The absorbance of the mixture was measured at 765 nm using the 
spectrophotometer. A gallic acid calibration curve was constructed and the total 
phenolic content of the sample was expressed as gallic acid equivalent.  
 
6.2.11 Statistical Analysis 
All analyses were performed in at least triplicate, and the results were presented as 
mean ± standard deviation. One-way analysis of variance (ANOVA) followed by 
Tukey’s test (P < 0.05) was performed using SPSS software (version 22.0, SPSS Inc., 
Chicago, USA) to evaluate the differences among groups. 
 
6.3 RESULTS AND DISCUSSION 
6.3.1 Temperature-time Profile 
The temperature profiles during the baking processes under the three stipulated 
temperatures, 200, 220, and 240 °C are shown in Figure 6.2. It was observed that the 
oven temperature oscillated considerably during baking due to the nature of the oven’s 
temperature control system. According to Ryckaert, Claes, and Van Impe (1999), the 
temperature of an operating oven could deviate greatly from the set point and large 
fluctuations in temperature could also occur. Despite the large temperature deviation 
observed in this study, the extent of variation was observed to be similar for the three 




Figure 6.2 Temperature profiles of oven, crumb, and crust during baking. 
The temperature increase in the crumb showed a sigmoidal pattern with an inflexion 
point at around 50 °C, after which the temperature increased gradually before 
becoming constant at 100 °C. Owing to the presence of water, the crumb temperature 
maintained largely at 100 °C (Eliasson, 2003). In contrast, the temperature increase in 
the crust was divided into two stages. During the first 2 min, most of the heat energy 
supplied was used to increase the crust temperature. This explains the rapid increase 
in crust temperature to 100–120 °C during the initial period of the baking process. 
After that, the evaporation period commenced where a more gradual temperature 
increase was observed as the heat energy was used to evaporate water from the 
sample (Feyissa, Gernaey, Ashokkumar, & Adler-Nissen, 2011). As heat transfer 
occurred more rapidly in the crust, the crust temperature was observed to be much 
higher than the crumb temperature. During baking, volume expansion occurred as the 
embedded bubbles inflated, resulting in oven spring. At the same time, rapid moisture 
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loss occurred on the dough surface due to the high temperature, resulting in crust 
formation when moisture was exhausted (Zhou & Therdthai, 2007).  
 
6.3.2 Moisture Content Analysis 
The moisture contents of the crumb samples under various baking conditions were 
statistically the same (P > 0.05) for all the three baking temperatures (Table 6.1).  
Table 6.1 Moisture content (%) in crumb and crust samples under various baking 
conditions* 
 Control 2 min 4 min 6 min 8 min 10 min 12 min 
Crumb 
200 °C 44.4±0.5a 42.3±0.3b 42.4±0.1b 42.5±0.1b 42.5±0.2b 42.6±0.3b 42.3±0.1b 
220 °C 44.4±0.5a 42.3±0.1b 42.3±0.3b 42.3±0.5b 42.6±0.4b 42.2±0.5b 42.6±0.2b 
240 °C 44.4±0.5a 42.4±0.4b 42.8±0.1b 42.6±0.3b 42.6±0.1b 42.4±0.3b 42.4±0.1b 
Crust 
200 °C 44.4±0.5a 26.1±0.9b 21.3±0.5c 20.5±0.3c 19.8±0.9c 17.8±0.1d 16.4±0.6d 
220 °C 44.4±0.5a 25.1±0.3b 21.1±1.0c 19.7±0.4cd 18.0±0.6de 16.5±0.9ef 14.6±1.5f 
240 °C 44.4±0.5a 23.4±1.2b 20.5±0.8c 18.3±1.0cd 16.4±0.8de 14.7±0.8ef 13.3±0.9f 
*Values are reported as mean ± standard deviation (SD) of triplicate samples. Values 
in the same row followed by different superscript letters are significantly different 
from each other (P < 0.05). Control refers to proved dough without baking. 
This result was consistent with the study by Purlis and Salvadori (2010), in which the 
moisture content of crumb was shown to be stable and independent of baking duration. 
This could be attributed to the presence of two generalised forces in the crumb, which 
were a result of the moisture concentration gradient and temperature gradient (Wang 
et al., 2008). During baking, moisture travelled from the wetter inner region to the 
drier outer surface due to the concentration gradient. Conversely, the temperature 
gradient served as an opposing force and drove water vapour toward the inner region 
of the bread. Owing to the relatively lower temperature of the inner region, water 
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vapour condensed. Consequently, the moisture content of crumb remained fairly 
constant during the baking process. However, the moisture content of the crust sample 
decreased significantly with longer baking duration. During baking, the bread surface 
was exposed to the high oven temperature and hot air; hence, rapid water evaporation 
could occur. Additionally, the partial water vapour pressure of the surrounding air was 
far from saturation, allowing diffusion of water vapour into the air. This caused the 
surface to dry out, resulting in crust formation (Therdthai & Zhou, 2003).  
 
6.3.3 pH Variation 
Previous studies have shown that pH is one of the factors that affect anthocyanin 
stability (Cavalcanti, Santos, & Meireles, 2011; Hernández-Herrero & Frutos, 2014b). 
In this study, the pH of the bread samples ranged narrowly from pH 4.9–5.2 (data not 
shown). Thus, it could be deduced that the difference in anthocyanin degradation rates 
observed in this study was neither due to pH changes of the bread, nor resulting in a 
significant change in the bread’s pH.  
 
6.3.4 Color Development 
A general decreasing trend was observed for both 𝐿𝐿∗ and 𝑑𝑑∗ values of the crumb 
sample (Figure 6.3, dash lines). This suggests that the crumb became darker and a less 
vivid color was observed with increased baking duration. The reduced 𝐿𝐿∗ value could 
be attributed to the absorption of light by the crumb due to the nature of its structure. 
With an increased baking duration, a more developed gluten network was formed in 
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the crumb, which was more likely to absorb light due to the presence of air cells with 
uneven sizes and deep cavities. Subsequently, light reflection was impeded and crumb 
appeared to be comparatively darker (NPCS Board of Consultants and Engineers, 
2011). Similarly, the decreased 𝑑𝑑∗ value could be explained by the development of 
gluten network which led to a more expanded structure, resulting in a reduced color 
intensity. In general, the crumb sample appeared to transform from a more bluish 
shade to a more yellowish shade as indicated by its increased 𝐻𝐻° value as the baking 
duration increased. This could be associated with anthocyanin degradation during the 
baking process as increased 𝐻𝐻°  value usually indicates the degradation of 
anthocyanins to yellow chalcone species (Reyes & Cisneros-Zevallos, 2007; Yang, 
Han, Gu, Fan, & Chen, 2008).  
 
Figure 6.3 Color profile of bread crumb (dash lines) and crust (solid lines) under 
different baking conditions: 200 °C, 220 °C, 240 °C, 200 °C, 
220 °C, and 240 °C. 
 
The color change in crust (Figure 6.3, solid lines) was more evident than that in 
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crumb. Contrary to the crumb which was relatively insulated and less affected by 
baking condition, the crust layer was more subjected to variations in the oven 
operating parameters. Consistent with other studies, 𝐿𝐿∗ value of the crust sample 
showed an initial rise followed by a gradual decrease as the baking duration increased. 
Purlis and Salvadori (2007) attributed this observation to physical changes of the 
dough surface during the early stage of baking. After the proofing process, dough 
surface appeared creased. Upon baking, the surface texture became smoother due to 
volume increase of the dough. This change in surface texture could be the explanation 
for the initial increase in lightness of the sample as a greater amount of light could be 
reflected from a smooth surface as compared to a creased surface. Surface drying 
could also contribute to the lightening of the sample (Shibukawa, Sugiyama, & Yano, 
1989). This early stage of baking could be regarded as the lag phase where the surface 
condition was insufficient for browning reactions to occur (Purlis & Salvadori, 2009; 
Tan & Zhou, 2009). During the later stage of baking, Maillard reactions and 
caramelisation commenced, resulting in the darkening of the crust layer. The 
formation of Maillard reaction products (MRPs) such as melanoidin and 
hydroxymethylfurfural (HMF) conferred the crust layer its characteristic brown color 
(Purlis & Salvadori, 2007).  
 
An initial rise in 𝑑𝑑∗  value was observed during the first 4 min of baking and 
subsequent baking resulted in a near constant or a decline in the value. This could be 
associated with crust browning as MRPs were formed, causing the 𝑑𝑑∗ value to 
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increase which corresponded to the increased intensity of brown shade of the crust 
layer. Moreover, the decreased 𝑑𝑑∗ value of the crust under baking temperatures of 
220 and 240 °C indicated the burning of the crust layer as the baking duration 
increased. The effects of Maillard reactions and caramelisation also explained the 
increased 𝐻𝐻°  value of the crust as browning of the crust layer occurred. For 
visualizing the color change of bread during baking, the top, side, and cross-section 
views of the bread samples with various baking durations at 220 °C are presented in 
Figure 6.4. 
 
Figure 6.4 Top, side, and cross-section view of breads baked at 220 °C. From left to 
right: dough, 2 min, 4 min, 6 min, 8 min, 10 min, and 12 min of baking. 
 
6.3.5 Non-isothermal Kinetic Modelling 
Kinetic models are commonly employed for an objective and efficient prediction of 
the influence of thermal processing on critical quality parameters. Knowledge of 
kinetic parameters such as the degradation rate constant, activation energy, and 
frequency factor is imperative to allow the prediction of quality or nutrient loss in 
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foods during thermal processing (Patras, Brunton, O'Donnell, & Tiwari, 2010). 
 
The optimised kinetic parameters for the two anthocyanins in the crumb and crust are 
shown in Table 6.2. The 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 values of the two anthocyanins, in a bread system at 
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟=65 and 125 °C, obtained in this study were found to be much lower than those in 
aqueous systems; for example, in a model blackberry juice, 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 was 0.9 to 3.5×10-3 
s-1 for total monomeric anthocyanins at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 120 °C and water activity from 0.99 
to 0.34 (Jiménez, Bohuon, Dornier, Bonazzi, Pérez, 2012), and in a model 
blackcurrant juice system, it was 2.8×10-3 s-1 at 140 °C for total monomeric 
anthocyanins (Harbourne, Jacquier, Morgan, & Lyng, 2008). This suggests that 
anthocyanins exhibited lower degradation rates when present in a bread system. 
Although the higher solid content in bread was thought to be a major factor for the 
decreased degradation rates observed, many studies reported otherwise. A study 
conducted by Wang and Xu (2007) showed that increased solid content in blackberry 
concentrate resulted in an increase in the degradation rate. Decreased thermal stability 
of anthocyanins was also reported by Kırca, Özkan, and Cemeroğlu (2007) when the 
solid content of a black carrot juice was increased. 
Table 6.2 Kinetic parameters of cyanidin-3-glucoside and cyanidin-3-rutinoside in 
crumb and crust 
  𝐸𝐸𝑎𝑎 (kJ/mol) 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 (s-1) 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸  
Crumb 
(𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 65 °C) 
Cyanidin-3-glucoside 92.5 2.49×10-5 0.0013 
Cyanidin-3-rutinoside 91.5 1.93×10-5 7.4×10-5 
Crust 
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 125 °C 
Cyanidin-3-glucoside 92.5 5.37×10-4 0.0023 
Cyanidin-3-rutinoside 91.5 5.72×10-4 1.4×10-4 
The higher anthocyanin stability in bread could be associated with the lower 
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availability of oxygen in the system. During bread preparation, oxygen was 
assimilated by yeast in the production of carbon dioxide which helped in the rising of 
dough (Sharma & Zhou, 2011). This minimised anthocyanin oxidation. According to 
Cavalcanti et al., (2011), anthocyanin degradation could be greatly enhanced in the 
presence of oxygen, and elimination of oxygen had been shown to reduce thermal 
degradation of anthocyanins in berry juices. When comparing the 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 values of 
anthocyanins in the crumb and crust, as expected, the degradation rates of 
anthocyanins were found to be lower in the crumb. As anthocyanins are thermally 
unstable, anthocyanins in the crumb were less thermally degraded due to the much 
lower temperature profile of the crumb than the crust.  
 
In addition, cyanidin-3-rutinoside was observed to be more thermally stable in the 
crumb as compared to cyanidin-3-glucoside. As demonstrated by Rubinskiene et al., 
(2005), retention of cyanidin-3-rutinoside was found to be higher (65%) than 
cyanidin-3-glucoside (47%) when both anthocyanin extracts were heated at 95 °C. 
The difference in thermal stability could be attributed to their chemical structures as 
anthocyanin disaccharide derivatives have been reported to be more stable than 
monoglycoside derivatives (Fleschhut, Kratzer, Rechkemmer, & Kulling, 2006). 
However, cyanidin-3-rutinoside exhibited a slightly higher degradation rate than 
cyanidin-3-glucoside at the reference temperature (5.72×10-4 s-1 vs. 5.37×10-4 s-1). 
This could be due to the significantly higher temperature profile of the crust which the 
two anthocyanins experienced, resulting in their remaining amounts to be very low 
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and therefore their degradation rates to be both high with diminished difference.  
 
6.3.6 Model Validation 
As shown in Table 6.2, the low values of 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸  obtained indicate that the 
differences between the modeled data and the experimental values were very small, 
suggesting that the model quality is good. To illustrate the quality of the models, the 
modeled values against experimental values were plotted in Figure 6.5. The even 
distribution of these data points around the 45-degree lines demonstrates a good 
agreement between the experimental and modeled results.  
 
Figure 6.5 Modeled values against experimental values for (A) cyanidin-3-glucoside 
and (B) cyanidin-3-rutinoside content in bread crumb; (C) cyanidin-3-glucoside and 
(D) cyanidin-3-rutinoside content in bread crust. 
To exclude the possibility that the developed mathematical models might have been 
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over-fitted to the experimental results caused by the nonlinear regression, samples 
processed at 200 °C & 8 min, 220 °C & 10 min, and 240 °C & 6 min were selected 
for validating the models. The validation results (Figure 6.6) clearly show that the 
modeled results for the stability of anthocyanins in bread under the three selected 
validating conditions were in good agreement with the experimental results, 
indicating that the developed models are valid and of high quality. 
 
Figure 6.6 Model validation plots. (A) cyanidin-3-glucoside and (B) 
cyanidin-3-rutinoside content in bread crumb; (C) cyanidin-3-glucoside and (D) 
cyanidin-3-rutinoside content in bread crust. As shown in plot (A), symbols in the 
four plots, from left to right, represent anthocyanin content at the baking condition of 
200 °C & 8 min, 220 °C & 10 min, and 240 °C & 6 min, respectively. 
 
6.3.7 Antioxidant Capacity and Total Phenolic Content 
In general, thermal degradation of anthocyanins begins with the hydrolysis of sugar 
moieties, such as glucoside and rutinoside. This results in deglycosylation of 
anthocyanins to form anthocyanidins, which are further degraded to chalcones. 
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Subsequent breakdown of chalcones results in the formation of phenolic acids and 
carboxyaldehydes (Hendry & Houghton, 1996). It has been suggested that the 
degradation products of anthocyanins retain antioxidant properties; and hence, 
thermal degradation may not have a significant impact on their antioxidant capacity 
(Slavin, Lu, Kaplan, & Yu, 2013).  
 
It was observed that the antioxidant capacity and total phenolic content of the crumb 
samples generally decreased after baking (Tables 6.3 & 6.4).  
 
Table 6.3 ANOVA analysis of the antioxidant capacity (mg Trolox/100g sample)* 
 Control 2 min 4 min 6 min 8 min 10 min 12 min 
Crumb 
200 °C 20.2±0.7a 18.8±0.2ab 17.4±1.2bc 17.4±0.5bc 17.7±0.3bc 17.5±0.6bc 16.8±0.6c 
220 °C 20.2±0.7a 18.8±0.2ab 19.7±0.4a 18.8±0.9ab 17.2±0.8b 17.5±0.8b 17.1±0.3b 
240 °C 20.2±0.7a 19.4±0.1ab 17.0±1.1bc 16.8±1.3bc 18.3±0.8abc 16.0±1.9c 16.8±0.8bc 
Crust 
200 °C 20.2±0.7a 16.1±2.6c 16.9±0.7abc 16.8±1.0bc 17.6±0.3abc 19.6±1.0ab 20.0±0.7ab 
220 °C 20.2±0.7abc 17.3±2.6c 19.5±1.0bc 21.3±1.2ab 22.2±1.3ab 23.0±0.5ab 23.2±0.4a 
240 °C 20.2±0.7c 16.6±0.3d 21.6±0.1b 22.1±0.3b 23.3±0.3a 23.3±0.5a 23.4±0.2a 
*Significant differences of values within the same row are indicated by different 
letters (P < 0.05). 
Table 6.4 ANOVA analysis of the total phenolics (mg Gallic acid/100g sample)* 
 Control 2 min 4 min 6 min 8 min 10 min 12 min 
Crumb 
200 °C 42.8±1.1a 43.3±2.2a 33.9±3.9b 36.5±1.1b 38.5±1.2b 36.9±1.6b 33.1±2.2b 
220 °C 42.8±1.1a 40.5±1.2ab 36.4±2.8b 37.3±1.7ab 36.8±2.5b 35.4±2.5b 33.3±1.8b 
240 °C 42.8±1.1a 36.3±4.3ab 34.2±3.0b 33.5±5.3b 34.5±1.1ab 32.9±2.0b 33.7±1.5b 
Crust 
200 °C 42.8±1.1bc 32.7±6.3c 43.4±2.3b 45.3±3.5b 48.9±1.4b 63.6±2.9a 62.0±5.6a 
220 °C 42.8±1.1c 32.3±2.4c 62.3±6.7b 70.3±2.2ab 72.7±3.8ab 77.5±5.7a 77.0±5.6a 
240 °C 42.8±1.1cd 38.5±4.1d 64.9±5.5bc 73.0±4.4b 84.0±13.4ab 88.0±11.9ab 102.4±13.4a 
*Significant differences of values within the same row are indicated by different 
letters (P < 0.05). 
This observation was in contrast with what reported in Chapter 3, which showed 
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negligible losses in the antioxidant capacity of aqueous solutions of anthocyanins 
after thermal treatment at various temperatures (100-165 °C). Generation of other 
phenolic compounds from anthocyanin degradation was suggested to be the reason for 
the nearly constant antioxidant capacity observed in the aqueous solutions. However, 
in a complex system such as bread, the phenolic compounds produced could complex 
with proteins and carbohydrates present in the system, forming large molecules which 
could be less extractable (Peng, Ma, Cheng, Jiang, Chen, & Wang, 2010). In addition, 
furfural derivatives generated during caramelisation and breakdown of sugar could 
undergo condensation with phenolic compounds, which may lead to the loss of total 
phenolics in the crumb, and subsequently, a decrease in the antioxidant capacity 
(Holtekjølen, Bævre, Rødbotten, Berg, & Knutsen, 2008).  
 
Similarly, decreased antioxidant capacity and total phenolic content were observed in 
the crust samples during the first two minutes of baking. The decrease was more 
significant in the crust as compared to that in the crumb. However, further baking 
resulted in an increase in the antioxidant capacity and total phenolic content in the 
crust. This observation might be attributed to the generation of MRPs in the crust 
layer during baking, which also corresponded to the browning of the crust layer after 
2 min of baking at all the three baking temperatures as indicated by the decreased 𝐿𝐿∗ 
value. It has been well documented that MRPs possess antioxidant properties 
including radical chain breaking activity, decomposition of hydrogen peroxide as well 
as scavenging oxygen radicals (Vhangani & Van Wyk, 2013). Hence, it could be 
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deduced that the increased antioxidant capacity and total phenolic content observed in 
the crust were a result of the MRPs formed during baking.  
 
6.4 CONCLUSIONS 
Non-isothermal kinetic models were successfully developed for cyanidin-3-glucoside 
and cyanidin-3-rutinoside degradations during bread baking process. The 
anthocyanins exhibited lower degradation rates when present in a bread system as 
compared to aqueous systems. The two anthocyanins showed different degradation 
rates and kinetic parameters; cyanidin-3-rutinoside was found to be more thermally 
stable. Bread crumb was shown to display a shielding effect against thermal 
degradation of anthocyanins. Significant changes in moisture content and color were 
observed in the bread crust after baking. The antioxidant capacity and total phenolic 
content of the anthocyanin-fortified bread crumb decreased after baking while an 
increase was observed in the crust. While the decrease might be due to the low 
extractability and loss of phenolic compounds, the increase was likely a result of the 
MRPs generated. Further research needs to be carried out to identify the major 
compounds that are generated during the baking of bread fortified with anthocyanins. 
Besides, it will also be necessary to conduct sensory tests to evaluate the bread 






BREAD FORTIFIED WITH ANTHOCYANIN-RICH EXTRACT 
FROM BLACK RICE AS NUTRACEUTICAL SOURCES: ITS 
QUALITY ATTRIBUTES AND IN VITRO DIGESTIBILITY 
 
7.1 INTRODUCTION 
Bread is a staple food for many people and is popular across the world. Bread is a 
carbohydrate-rich product containing a high amount of rapidly digestible starch; 
therefore, many types of bread have a high glycemic index (GI). Due to the rapid 
digestion of bread, people likely consume excessive bread more than their body 
requires to make up the hungry feel (Therdthai & Zhou, 2014). The excessive 
consumption of bread could increase the risk of overweight and obesity and therefore 
their associated diseases, such as Type II diabetes (Bautista-Castaño & Serra-Majem, 
2012). 
 
Among the diverse pharmacological strategies for diabetes treatment, the inhibition of 
digestive enzymes by plant-extracted enzyme inhibitors is one of the most promising 
methods. The significance of plant-based enzyme inhibitors for the modulation of 
diabetes has been investigated for many years (McCue, Kwon, & Shetty, 2005). 
Anthocyanins belonging to the group of flavonoids are naturally occurring pigments 
in fruits and vegetables that are responsible for the orange, red, violet, and blue colors 
observed in nature (Manach, Scalbert, Morand, Remesy, & Jimenez, 2004). Common 
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fruits and vegetables, such as blueberries, grapes, blackberries, purple cabbage, black 
rice, and purple potatoes, are rich in anthocyanins. In recent years, anthocyanins have 
attracted a substantial amount of interest due to their health-promoting potency. The 
well-known healthy property of anthocyanins is their antioxidant capacity due to their 
peculiar chemical structure that can react with reactive oxygen species (ROS), such as 
superoxide, singlet oxygen, peroxide, hydrogen peroxide, and hydroxyl radical 
(Bueno, Sáez-Plaza, Ramos-Escudero, Jiménez, Fett, & Asuero, 2012). Apart from the 
antioxidant capacity, extensive studies reported that anthocyanins had an inhibitory 
activity against digestive enzymes. McDougall, Shpiro, Dobson, Smith, Blake, and 
Stewart (2005) tested the ability of several extracts from soft fruits to inhibit 
α-glucosidase, and they observed that the anthocyanin-enriched fraction showed 
effective inhibition against the enzyme. Matsui, Ueda, Oki, Sugita, Terahara, and 
Matsumoto (2001) found that anthocyanin extracts from various plants had a potent 
α-amylase inhibitory activity and concluded that anthocyanins might have a potential 
function to suppress the increase in postprandial glucose level from starch. However, 
no attention to date has been directed to the digestibility of a food item, such as bread, 
that is fortified with anthocyanins. Meanwhile, the current methods for developing 
health-promoting bread are dominated by adding whole grains and fibers in bread, 
partly aiming to slow down its digestion among several health benefits. Knowledge of 
using anthocyanins as an active ingredient in bread is lacking.  
 
Hence, this chapter aimed to investigate the feasibility of fortifying anthocyanins in 
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bread to achieve slow digestion property. The quality attributes and in vitro digestion 
profiles of such bread were scientifically evaluated. The anthocyanins-fortified bread 
may bring health benefits to consumers who seek for a healthier alternative to normal 
types of bread. The anthocyanins used in this study were extracted from black rice 
which was reported to contain a large amount of anthocyanins in its aleurone layer 
(Lee, 2010). Results of this study might serve as a guideline for bread manufacturers 
with regards to the level of anthocyanins fortification in bread to achieve desired 
digestibility without compromising its quality. 
 
7.2 MATERIALS AND METHODS 
7.2.1 Materials 
Anthocyanin-rich black rice extract powder (ABRP) and cyanidin-3-glucoside 
standard was obtained as described in Section 3.2.1. Bread flour (13% protein) was 
obtained from Prima Ltd., Singapore. Pure cane sugar (fine grain, NTUC Fairprice 
Cooperative Ltd., Singapore), fine salt (NTUC Fairprice Cooperative Ltd., Singapore), 
vegetable shortening (Bake King, Gim Hin Lee Ltd., Singapore), and instant dry 
active yeast (Saccharomyces cerevisiae, S.I. Lesaffre, France) were purchased from a 
local supermarket. Pepsin (from porcine gastric mucosa, product number P6887), 
α-amylase (type VI-B, from porcine pancreas, product number A3176), 
3,5-dinitrosalicylic acid reagent (DNS) were obtained from Sigma-Aldrich 




7.2.2 Rheological Characteristics of Bread Dough 
7.2.2.1 Farinograph Test 
The farinograph test is commonly applied in estimating the amount of water required 
to make dough of good quality, and evaluating the effects of ingredients on flour 
mixing properties (Center, 2004). Bread flour fortified with different levels of ABRP 
was separately loaded on a Farinograph-E equipped with a S50 mixer and sigma 
blades (Brabender, Duisburg, Germany). Farinograph test was conducted according to 
the constant flour weight procedure of AACC Method 54-21 (AACC, 2000). The 
following farinograph indices were determined: water absorption of flour with and 
without ABRP, dough development time, and dough stability. 
 
7.2.2.2 Extensograph Test 
The extensograph test is widely used in determining the resistance and extensibility of 
dough and the effect of additives on dough performance (Center, 2004). Freshly 
prepared dough pieces containing 1.2% salt, and different levels of ABRP were tested 
using an Extensograph-E (Brabender, Duisburg, Germany) according to AACC 
Method 54-10 (AACC, 2000). The following extensograph indices were determined: 
energy, resistance to extension (at 5 cm), extensibility, and ratio number.  
 
7.2.3 Bread Preparation 
The content and type of anthocyanins in the ABRP were measured and examined in 
our previous study (refer to Chapter 3). ABRP was added to 100 g of plain bread flour 
112 
  
at the levels of 0%, 1%, 2%, and 4% (weight of ABRP/weight of plain bread flour). 
Bread dough was prepared using a procedure reported in Chapter 6. Briefly, bread 
flour with added ABRP was mixed with water (water addition was adjusted according 
to the farinograph results as shown in Table 7.1), 4 g sugar, 3 g shortening, 1.2 g salt, 
and 1 g instant dry active yeast at a slow speed for 1 min followed by an intensive 
mixing for 5 min in a mixer (WAG-RN20, Varimixer, Globe, US). The dough was 
then divided and molded to 50 g each using an electronic molder (DR Robot, Daub 
Bakery Machinery B.V., Holland), followed by 70 min of proofing at 40 °C and 85% 
relative humidity in a proofer (Climatic chamber-KBF, Binder, Germany) before 
being baked in an oven (Eurofours, France). The baking temperature was set to 
200 °C and the baking duration was 8 min. Despite of the baking procedure (i.e. 
200 °C for 8 min), a large amount of anthocyanins, circa 79% of cyanidin-3-glucoside, 
was found to be retained in bread crumb after the baking according to a previous 
study (refer to Chapter 6). 
 
7.2.4 Quality Attributes Analysis of Bread 
7.2.4.1 Specific Volume Analysis 
Bread volume is a key component of bread quality (Ananingsih, Gao, & Zhou, 2013). 
The volumes of dough and freshly baked bread fortified with 0, 1, 2, and 4% of ABRP 
were tested using a Volscan Profiler (VSP 600; Stable Micro System Ltd., Surrey, 
UK). The specific volume was derived from dividing bread volume (cm3) by its 




7.2.4.2 Texture Analysis 
The texture attributes (hardness, springiness, cohesiveness, chewiness, and resilience) 
of bread crumb with or without ABRP were evaluated using a texture analyzer 
(TA.XTplus; Stable Micro System Ltd., Godalming, UK) according to the AIB 
standard procedure AIB CAKE2/P1 (AIB Standard Procedure, 2011). Since 
gumminess is not an appropriate measurement for baked foods, and also gumminess 
is mutually exclusive with chewiness, results of gumminess were not included in this 
study.  
 
7.2.5 In Vitro Digestibility Study 
The in vitro digestibility analysis in this study was adopted from the method described 
by Wolter, Hager, Zannini, & Arendt (2014) with modifications. The dosage of pepsin 
and α-amylase was determined according to the recommended amount in a recently 
published review (Minekus et al., 2014). After baking, freshly baked bread was placed 
on metal plates for cooling to room temperature. As bread crumb was the focus of this 
study, bread crust was manually removed from the bread. The bread crumb fortified 
with 0%, 1%, 2%, and 4% of ABRP was respectively freeze-dried and then ground 
into powder. To keep the same amount of starch in each test, 500 mg of control bread 
crumb powder, 504.6, 509.2, and 518.3 mg of bread crumb powder fortified with 1, 2 
and 4% of ABRP, respectively, were placed in 5 mL of phosphate buffer containing 40 
ppm of CaCl2, followed by pH adjustment (pH 1.5) using HCl (1 M). Pepsin (3.5 mg, 
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3200-4500 units/mg) was subsequently added into the mixture to start hydrolysis. The 
mixture was incubated in a shaking water bath at 37 °C for 1 h. At the end of 1 h, the 
pH of the mixture was adjusted to 6.9 using K2CO3 (0.1 g/mL) to stop the reaction 
and achieve the pH condition for the following enzymatic reaction. The simulation of 
small intestine digestion was carried out by adding 55.5 mg of α-amylase (21.6 
units/mg) into the mixture followed by transferring the mixture into a dialysis tubing 
(cut-off size 7000 kDa). The dialysis tubing was then placed into a blue cap bottle 
containing 100 mL of phosphate buffer with CaCl2 (40 ppm). The reaction was started 
by incubating the blue cap bottle in the shaking water bath at 37 °C. Although a 
digestion time of 2-3 h was normally recommended in the literature (Minekus et al., 
2014) to thoroughly evaluate the trajectory of inhibitory activity of anthocyanins on 
α-amylase so that mathematical modelling could be conducted subsequently, the 
duration of digestion in this study had been extended to 24 hours. An aliquot of 
dialysate was withdrawn at 0, 5, 10, 15, 20, 30, 40, 50, 60, 90, 120, 150, 180, 720, and 
1440 min and replaced with the same amount of fresh buffer.  
 
The concentration of released reducing sugars (RRSs) in the withdrawn dialysate was 
measured according to the method described by Miller (1959). The withdrawn 
dialysate at 180, 720, and 1440 min was further subjected to quantifying anthocyanins. 
In brief, equal volume of DNS reagent and withdrawn dialysate sample were mixed in 
a capped Eppendorf tube and heated in boiling water for 15 min to develop the 
red-brown color. After cooling to room temperature, the absorbance of the mixture 
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was recorded at 575 nm using a spectrophotometer (UVMini 1240, Shimadzu, Kyoto, 
Japan). RRSs were expressed as maltose equivalents using a maltose calibration curve 
of 𝑦𝑦 = 2.244𝑒𝑒 − 0.196 with 𝑅𝑅2 = 0.995, where 𝑦𝑦 represents the absorbance and 
𝑒𝑒 represents the concentration of maltose in mg/mL.  
 
7.2.6 Measurement of Anthocyanins 
During the dialysis, anthocyanins were released from bread particles into the dialysate 
(outside the dialysis tubing). The released anthocyanins indicate those that can be 
absorbed and transported into the human circulatory system, thereby further exerting 
their beneficial effects (McGhie, Ainge, Barnett, Cooney, & Jensen, 2003). The 
quantification of anthocyanins was achieved using HPLC/DAD as described in 
Chapter 3. 
 
7.2.7 Mathematical Modelling 
Mathematical modelling is commonly used to systemically describe the behavior of a 
system. For the purpose of describing and further predicting the digestion behavior of 
bread fortified with ABRP, the trajectory of bread digestion course was modeled using 
Eq. 7.1.  
𝑃𝑃𝑡𝑡 − 𝑃𝑃𝑟𝑟
𝑃𝑃0 − 𝑃𝑃𝑟𝑟
= 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑖𝑖𝑑𝑑)                                                                                                          (7.1) 
where 𝑃𝑃0, 𝑃𝑃𝑡𝑡 , 𝑃𝑃𝑟𝑟  are the concentration of RRSs (maltose equivalent mg/mL) in 
dialysate at time 0, 𝑑𝑑, and 1440 min, respectively; 𝑘𝑘𝑖𝑖 is the ABRP inhibition constant 
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(min-1); and 𝑑𝑑  is time (min). The value of 𝑘𝑘𝑖𝑖  was obtained through 
linear-least-squares fit of Eq. 7.1 to experimental data using Matlab software (version 
8.1.0.604 R2013a, the MathWorks Inc., Massachusetts, USA). The quality of the 
developed mathematical model was examined using 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 (Eq. 7.2) as well as 𝑅𝑅2 
(Eq. 7.3).  
𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 = �∑ �𝑃𝑃𝑡𝑡𝑀𝑀𝑀𝑀𝑒𝑒,𝑖𝑖 − 𝑃𝑃𝑡𝑡𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖�2𝑛𝑛𝑖𝑖=0    
𝑙𝑙
                                                                               (7.2) 
where 𝑃𝑃𝑡𝑡𝑀𝑀𝑀𝑀𝑒𝑒  is modeled value; 𝑃𝑃𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸 is experimental value; 𝑙𝑙 is the number of 
experimental value.  
𝑅𝑅2 = 1 − 𝐷𝐷𝐷𝐷 ∗ 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸2
𝑆𝑆𝑆𝑆𝑇𝑇
                                                                                                       (7.3) 
where 𝐷𝐷𝐷𝐷  represents the degree of freedom; and 𝑆𝑆𝑆𝑆𝑇𝑇  represents total sum of 
squares. 
 
7.2.8 Statistical Analysis 
All experiments were performed in triplicate, and results were expressed as mean ± 
standard deviation. One-way analysis of variance (ANOVA) with Tukey post-hoc 
multiple comparisons test (P < 0.05) was used to identify the significant differences 
within groups using SPSS software (version 22.0, SPSS Inc., IL, USA).  
 
7.3 RESULTS AND DISCUSSION 
7.3.1 Farinograph Analysis 
117 
  
The farinograph results are presented in Table 7.1, showing the effect of ABRP on the 
properties of dough. The water absorption of flour fortified with ABRP was 
significantly (P < 0.05) higher than the control and increased with increasing levels of 
ABRP in flour. Especially, the water absorption was increased by 4.8% (from 63 to 
67.8%) when the addition level of ABRP increased from 0% to 4%. A similar 
tendency was also reported by Sudha, Baskaran, and Leelavathi (2007) in their study 
evaluating the influence of apple pomace on dough properties in cake making. They 
found that the water absorption was increased from 60.1% to 70.6% with increasing 
apple pomace content in flour from 0% to 15%. The increased water absorbance could 




Table 7.1 Farinograph and extensograph analysis of bread flour fortified with different levels of ABRP 











c 8.1±0.8b 14.4±0.6a 109.97±7.76a 1,144.33±23.46a 84.4±2.95a 13.56±0.20a 
1 % 64.6±0.2b 8.2±0.2b 6.3±0.3c 117.97±1.35a 1,160.33±54.37a 76.20±2.93ab 15.25±1.12a 
2 % 65.4±0.7b 8.8±0.3b 5.6±0.5c 86.33±13.18b 946.33±94.71b 70.07±6.10bc 13.51±0.92a 
4 % 67.8±0.2a 13.2±0.4a 7.4±0.2b 56.10±0.40c 570.67±23.97c 63.40±3.03c 9.01±0.33c 
* Content of ABRP in bread flour 
**Ratio number: resistance/extensibility 
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The development time of the flour fortified with 4% of ABRP was statistically higher 
than those of the control and the flours fortified with 1 and 2% of ABRP. As expected, 
the control sample had the highest stability of 14.4 min. Among the variety of gluten 
proteins, cysteine accounts for 2%. Despite its low content, cysteine significantly 
influences the structure and functionality of gluten through reacting with another 
cysteine residue to form a disulphide bond (SS) (Wieser, 2007). These disulphide 
bonds are responsible to stabilize the structure of gluten which can be mobilized 
through SH/SS interchange reactions (Sivam, Sun-Waterhouse, Quek, & Perera, 2010). 
The anthocyanins within ABRP acted as antioxidants during dough development, 
which facilitated the SH/SS interchange reactions to yield less SS bonds, thereby 
decreasing the number of cross-links between aggregated proteins and weakening the 
gluten matrix. Thus, dough fortified with higher levels of ABRP showed a longer 
development time and lower stability than the control dough.  
 
7.3.2 Extensograph Analysis 
The strength and weakness of dough are important indicators of its baking 
performance, which can be evaluated by extensograph. Extensograph is widely used 
to determine the resistance and extensibility of dough through measuring the force 
required to stretch the dough with a specially designed hook until it breaks (Rahnama, 
Mohammadzadeh Milani, & Gohari Ardabili, 2014). The extensograph indices 
showing the effect of ABRP on dough quality are provided in Table 7.1. The energy 
values, which reveal the resistance ability of dough against deformation forces, 
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significantly (P < 0.05) decreased from 109.97 to 56.1 cm2 upon increasing the ABRP 
level from 0% to 4%, indicating a weaker gluten network. This observation was again 
confirmed by the decreased value of resistance (from 1144 to 570 BU) and 
extensibility (from 84.4 to 63.4 mm), as well as the ratio number (from 13.56 to 9.01) 
which is a measure of dough strength and a lower ratio number means that less force 
is required to stretch the dough. 
 
It was reported that certain phenolic compounds, such as ferulic acid, increased dough 
breakdown rate and simultaneously made dough more sticky (Holtekjølen & Knutsen, 
2011). Ferulic acid has been well studied for its effect on gluten, which is through 
crosslinking pentosans or directly linking to the gluten, resulting in a decrease in 
gluten strength and therefore dough extensibility (Wang, van Vliet, & Hamer, 2004). 
Despite that the mechanism of anthocyanins interactions with gluten network has not 
been clearly elucidated, we propose that the decreases in resistance & extensibility 
might be due to less number of SS bonds being formed during dough development 
through anthocyanins’ interference with SH/SS interchange reactions.  
 
7.3.3 Bread Specific Volume  
Loaf volume is an important indicator for the quality of bread because it provides 
quantitative measurement that strongly correlates to other bread attributes (Hathorn, 
Biswas, Gichuhi, & Bovell-Benjamin, 2008; Wang et al., 2007). Results of the 
specific volume of dough and freshly baked bread with different levels of ABRP are 
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shown in Table 7.2. No significant difference was found among the freshly prepared 
dough with/without ABRP. However, after baking, the control bread had the highest 
specific volume of 3.5 cm3/g. With increasing levels of ABRP in flour, the specific 
volume of baked bread was successively decreased to 2.89 cm3/g for 4% ABRP which 
was significantly (P < 0.05) lower than the control bread. 
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Table 7.2 Specific volume of dough and texture analysis of bread crumb fortified with different levels of ABRP 
Sample 
Specific volume (cm3/g) 
Hardness (N) Springiness Cohesiveness Chewiness (N) Resilience before 
proofing after baking 
Control 
(0 %)* 1.03±0.03
a 3.50±0.21a 284.31±9.93c 0.96±0.02a 0.81±0.02a 220.03±11.70a 0.43±0.03a 
1 % 1.03±0.01a 3.42±0.17a 360.70±37.05b 0.93±0.03a 0.78±0.00ab 261.18±18.87a 0.42±0.01a 
2 % 1.03±0.01a 3.24±0.24ab 403.19±10.91ab 0.90±0.04ab 0.70±0.04b 254.88±32.52a 0.32±0.04b 
4 % 1.03±0.02a 2.89±0.07b 457.05±23.49a 0.85±0.03b 0.72±0.03b 280.43±26.31a 0.33±0.00b 
* Content of ABRP in bread flour 
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These results are consistent with those of the farinograph and extensograph analyses 
of dough properties. These observations are also in agreement with Han and Koh 
(2011). They found that addition of phenolic acids reduced bread volumes and bread 
fortified with caffeic acid had a significantly lower volume (2.39 cm3/g) than control 
bread (2.79 cm3/g). Bread making heavily relies on oxidizing and reducing (redox) 
agents, such as ascorbic acid and azodicarbonamide as oxidizing agents and sodium 
metabisulfite and L-cysteine as reducing agents (Sahi, 2014). The anthocyanins within 
ABRP acting as reducing agents would lead to imbalanced viscoelastic and poor gas 
retention properties of bread, resulting in low volume.  
 
7.3.4 Texture Analysis 
The impact of different levels of ABRP on the quality attributes of bread crumb is 
shown in Table 7.2. The hardness and chewiness of bread crumb were positively 
related to the level of added ABRP, and significant (P < 0.05) increases in hardness 
were found. As for springiness, cohesiveness, and resilience, significant decreases 
were observed with increasing levels of added ABRP. The hardness is defined as the 
peak force of the first compression of product (Bourne, 2002). The significantly 
increased hardness value, from 284 to 457 N for the control bread and the bread 
fortified with 4% ABRP, respectively, might be due to the poor gas retention ability of 
weak gluten networks, resulting a tight structure of bread crumb.  
 
These results are in agreement with Wang, Zhou, and Isabelle (2007) in their study 
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evaluating changes in crumb appearance, texture attributes, and taste profiles of bread 
fortified with green tea extracts. They observed an increase in hardness and stickiness 
with increasing levels of green tea extracts.  
 
As for chewiness, bread with/without ABRP didn’t show significant differences. 
Springiness is used to indicate how well a food product physically springs back after 
it has been deformed during the first compression; cohesiveness indicates how well 
the product withstands a second deformation relative to how it behaves under the first 
deformation, and resilience demonstrates how well a product fights to regain its 
original shape which can be regarded as instant springiness (Bourne, 2002). The 
significantly decreased springiness, cohesiveness, and resilience of ABRP fortified 
bread might be due to the weaker and less elastic gluten structure of the bread caused 
by the anthocyanins within ABRP.  
 
A recently published study investigating the quality attributes of bread enriched with 
quinoa leaves showed that an increase in the percentage of quinoa leaves (up to 5%) 
in wheat dough resulted in an increase in bread crumb hardness and a decrease in 
bread volume (Świeca, Sęczyk, Gawlik-Dziki, & Dziki, 2014). Besides, Gawlik-Dziki, 
Dziki, Baraniak, and Lin (2009) reported that an addition of 2.5% Tartary buckwheat 
plant extract slightly decreased bread quality; however, an addition of 5% caused a 
large decrease in bread quality. The current study showed that, in terms of the bread 
quality attributes, bread with 2% fortification of ABRP was not significantly different 
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from the control; however, the addition level of 4% ABRP influenced the quality 
attributes of bread in a negative way: bread crumb exhibited less elasticity and had a 
higher density.  
 
7.3.5 Analysis of Digestibility 
Epidemiological studies and associated meta-analyses suggest that diets rich in plant 
polyphenols offer some protections against the development of cancers, 
cardiovascular diseases, diabetes, osteoporosis, and neurodegenerative diseases to the 
people who consume them for a long term (Arts & Hollman, 2005). As shown in 
Figure 7.1, overall, the concentration of released reducing sugars (RRSs) increased 
over time in the early stage of dialysis and then leveled off until reaching its highest 
value of 2.1 mg/mL at 1440 min. During the first 120 min of dialysis, the 
concentration of RRSs among the control bread and the bread fortified with 1%, 2%, 
and 4% of ABRP lied very close to each other. Significant (P < 0.05) differences in 
the concentration of RRSs were observed at 150 and 180 min of dialysis. When the 
dialysis time was prolonged to 720 min, no significant differences among samples 
was observed, which happened again at the end of dialysis (1440 min). More 
specifically, at the dialysis time of 150 min, the concentration of RRSs was reduced, 
in comparison to the control bread (1.56 mg/mL), by 8.8%, 14.2%, and 24.5% for 
bread fortified with 1% (1.43 mg/mL), 2% (1.34 mg/mL), and 4% (1.18 mg/mL) of 
ABRP, respectively. At the dialysis time of 180 min, the concentration of RRSs for 1% 
(1.60 mg/mL), 2% (1.54 mg/mL), and 4% (1.41 mg/mL) ABRP fortified breads was 
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6.31%, 10.14 %, and 17.45%, respectively, lower than the control bread (1.71 mg/mL). 
These observations indicated that the inhibition of α-amylase during the in vitro 
digestion process was increased with increasing amounts of ABRP in bread. 
 
Figure 7.1 The digestion trajectories of bread fortified with and without ABRP 
 
These results are in agreement with Hargrove, Greenspan, Hartle, and Dowd (2011), 
who found that either tannin or black sorghum phenolic extracts (without tannins) 
inhibited α-amylase, and the inhibition activity increased as the concentration of 
phenolic extracts increased. The fortification of bread using phenolics from plant 
extracts has been proved to be an effective way to slow down the digestion of bread. 
Phenolics derived from green tea were reported to interact with amylose via hydrogen 
bonding, resulting in a decreased digestibility of starch (Chai, Wang, & Zhang, 2013). 
Świeca et al. (2014) reported that the starch digestibility of bread fortified with 5% of 




7.3.6 Mathematical Modelling 
As shown in Figure 7.1, the values of RRSs were very close to each other, albeit the 
ANOVA test showed significant differences among the data at some sampling points, 
indicating the complicated task of discriminating digestion curves. Mathematical 
modelling of digestion profiles allows a more effective description, and enables 
efficient comparison among digestion rates. 
Table 7.3 Mathematical modelling parameters and regressed rate coefficients (𝑘𝑘𝑖𝑖, 
min-1) 
 Control (0%)* 1% 2% 4% 
𝑃𝑃0 0 0 0 0 
𝑃𝑃𝑟𝑟 2.1301 2.1129 2.0675 2.0383 
𝑘𝑘𝑖𝑖 0.0078 0.0068 0.0067 0.0062 
𝑅𝑅2 0.9891 0.9860 0.9903 0.9936 
𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 0.0722 0.0794 0.0637 0.0498 
* Content of ABRP in bread flour 
 
The regressed rate coefficients (𝑘𝑘𝑖𝑖) from the nonlinear regression of Eq. 7.1 are shown 
in Table 7.3. It can be seen that the 𝑘𝑘𝑖𝑖 values of bread fortified with 1% (0.0068 
min-1), 2% (0.0067 min-1), and 4% (0.0062 min-1) of ABRP were lower than the 
control bread (0.0078 min-1), i.e. slower digestion rates. This study demonstrates for 
the first time that the digestion rate of bread could be reduced by as much as 20.5% 
through fortifying the bread with 4% of ABRP, whereas the reduction rate was 12.8% 
for 14.1% for the bread with 1% and 2% of ABRP, respectively. The mathematical 
models (dash lines) developed by using each regressed rate coefficient and Eq. 7.1, 
were plotted together with the experimental data for the control bread and the bread 
fortified with 1%, 2%, and 4% of ABRP, as shown in Figure 7.2. The low values of 
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𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 and high values of 𝑅𝑅2 indicate that the developed models could satisfactorily 
describe the digestion profiles of bread fortified with ABRP. To further validate the 
models, the modeled and the experimental data sets were plotted in a scattered chart 
against a 45-degree line (Figure 7.2, inserted graphs) that showed a good agreement 
between the modeled and the experimental data, indicating the good quality of the 
developed models.  
 
Figure 7.2 Developed mathematical models and validation plots for modeled data 
against experimental data 
 
7.3.7 Released Anthocyanins in Dialysates 
Cyanidin-3-glucoside was the most dominant anthocyanin in the ABRP, which 
accounted for up to 89.6% of total anthocyanins (refer to Chapter 3).  Therefore, the 
ratio of released cyanidin-3-glucoside was taken as an indicator for the changes in 
total anthocyanins as the amount of other anthocyanins in the dialysates was too small 
to be detected. The ratio of released cyanidin-3-glucoside was expressed as a 
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percentage of the detected amount of cyanidin-3-glucoside in dialysate relative to the 
retained amount of cyanidin-3-glucoside in bread crumb after baking, and was 
calculated using Eq. 7.4.  
Ratio of released cyanidin-3-glusocide (%) =  𝐷𝐷𝑐𝑐𝑐𝑐3𝑔𝑔𝑆𝑆𝑆𝑆
𝑅𝑅𝑐𝑐𝑟𝑟𝑆𝑆𝑚𝑚𝑐𝑐 × 𝑅𝑅𝑐𝑐𝑐𝑐3𝑔𝑔𝑆𝑆𝑆𝑆 × 100           (7.4) 
where 𝐷𝐷𝑐𝑐𝑐𝑐3𝑔𝑔𝑆𝑆𝑆𝑆 is the amount of cyanidin-3-glucoside in dialysate (mg); 𝑅𝑅𝑐𝑐𝑟𝑟𝑆𝑆𝑚𝑚𝑐𝑐 is 
the weight (mg) of bread crumb (which equals to 500 mg in this study); and 𝑅𝑅𝑐𝑐𝑐𝑐3𝑔𝑔𝑆𝑆𝑆𝑆 
is the content (%) of retained cyanidin-3-glucoside in bread crumb after baking. 
 
 
Figure 7.3 Ratio of released cyanidin-3-glucoside from bread particles into dialysate 
during 24 h digestion 
As shown in Figure 7.3, the ratios of released cyanidin-3-glucoside for the bread 
fortified with 1%, 2%, and 4% of ABRP, respectively, were all increased with an 
increase of the dialysis time from 3 to 24 h. Bread fortified with 2% and 4% of ABRP 
had a much higher ratio of released cyanidin-3-glucoside than that of bread fortified 
with 1% of ABRP after both 3 and 24 h of dialysis. At the end of dialysis (24 h), the 
ratio of released cyanidin-3-glucoside for the bread with 4% fortification of ABRP 
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was approximately 6.5%, whereas the ratio for the bread fortified with 1% and 2% of 
ABRP were lower, at 2.7% and 5.9%, respectively. McDougall, Dobson, Smith, Blake, 
and Stewart (2005) reported that about 5% of total anthocyanins was detected in 
dialysate at the end of 2 h digestion of diluted raspberries syrup. This amount of 
released anthocyanins in dialysate stayed either unaffected or increased when they 
co-digested raspberries with foodstuffs (white bread, breakfast cereal, minced beef 
steak, and ice cream). In this study, at the end of 3 h dialysis, only a small amount of 
cyanidin-3-glucoside were detected in the dialysates (e.g. the ratio of released 
cyanidin-3-glucoside after 3 h dialysis were 0.31%, 1.27%, and 2.84% for bread 
fortified with 1%, 2%, and 4% of ABRP, respectively). The lower ratio of released 
cyanidin-3-glucoside in the first 2-3 h of dialysis in this study might be caused by the 
bread making procedure which could have enhanced the possible interactions between 
anthocyanins and food compounds, such as protein and starch. As discussed earlier, 
these interactions contributed partially to the slow digestibility of bread. Besides, 
differences in the experimental procedures and setup such as dialysis tubing, would 
have resulted in different mass transfer rates during the dialysis, and thereby different 
amounts of released anthocyanins at a particular sampling time. Caution is therefore 
needed to compare such data in the literature. It is also worthy to point out that this is 
the first time reporting the ratio of released cyanidin-3-glucoside from digesting a 





In conclusion, this study demonstrated the quality attributes and in vitro digestibility 
of bread fortified with anthocyanin-rich extract from black rice. The quality attributes 
of bread as well as the digestibility of bread were evidently influenced by the addition 
of ABRP. Through developing a mathematical model, the trajectory of bread digestion 
course was successfully modeled, which showed that ABRP slowed down the 
digestibility of bread. These results indicate that anthocyanins fortification may 
provide new opportunities to produce functional bread by slowing down its digestion 





ANTHOCYANINS AS FUNCTIONAL INGREDIENTS IN 
BISCUITS: THEIR STABILITY, ANTIOXIDANT CAPACITY, AND 
PREVENTIVE EFFECT ON RETARDING LIPID OXIDATION 
 
8.1 INTRODUCTION 
Anthocyanins (from the Greek words anthos, meaning flower, and kyanós, meaning 
blue) are a class of water-soluble flavonoids, many of which are plant secondary 
metabolites and responsible for the red, purple, or blue coloration seen in plants 
(Cavalcanti, Santos & Meireles, 2011). Anthocyanins are able to scavenge free 
radicals through donating hydrogen atoms (Castañeda-Ovando, de Lourdes 
Pacheco-Hernández, Páez-Hernández, Rodríguez & Galán-Vidal, 2009). Besides, they 
also have been reported to suppress the development of obesity, normalize 
hypertrophy, and improve visual functions (Tsuda, Ueno, Yoshikawa, Kojo & Osawa, 
2006). Therefore, anthocyanins are regarded as a potent source of health promoting. 
To increase the amount of anthocyanins consumed, a number of foods has been 
developed, of which some were directly created from anthocyanin rich foods, such as 
red and purple flesh potato chips (Kita, Bąkowska-Barczak, Lisińska, Hamouz & 
Kułakowska, 2015), and some were incorporated with anthocyanin-rich ingredients, 





Virtually all foods undergo some form of processing, and some processing approaches, 
such as thermal processing, are detrimental to anthocyanins. Fischer, Carle, and 
Kammerer (2013) reported that heating of pomegranate juice at 90 °C caused 
anthocyanins degradation resulting in the discolorisation of pomegranate juice. The 
reduction in anthocyanin content was also observed when cooking Korean 
purple-fleshed sweet potato (Kim et al., 2012), and black rice (Hiemori, Koh & 
Mitchell, 2009). Torskangerpoll and Andersen (2005) found that the colors of 
cyanidin-3-glucoside, cyanidin-3-(2”-glucosylglucoside)-5-glucoside, and 
cyanidin-3-(2”-(2”’-sinapoylglucosyl)-6”sinapoylglucoside-5-glucoside in aqueous 
solutions were well retained at pH 1.1 over a storage period of 98 days at 10 °C, but 
were dramatically changed when increased pH to alkaline ranges (up to 10.5). 
However, the increase in temperature was found to have a stronger impact on the 
stability of two individual anthocyanins, cyanidin-3-glucoside and 
cyanidin-3-rutinoside, in aqueous solutions than the increase of pH (refer to Chapter 
4).  
 
Biscuits are highly popular among population in urban and rural places due to their 
long shelf life, convenience of consumption, low-cost, varied taste, and easy 
marketing. The incorporation of anthocyanins in biscuits will provide additional 
health benefits beyond biscuits’ traditional nutrients. This study therefore aimed to 
incorporate anthocyanins, from black rice, as a functional ingredient in biscuits. Since 
biscuits are alkaline foods and are commonly baked at high temperatures, the stability 
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of anthocyanins were investigated during baking and subsequent storage period. 
Mathematic models describing the stability of anthocyanins during both baking and 
storage period were developed for a better understanding the degradation profiles of 
anthocyanins in biscuits. Owing to the strong antioxidant capacity of anthocyanins, 
which was reported to be 3.5 times stronger than vitamin E (Wang, Cao & Prior, 
1997), their potential as natural antioxidants and alternatives to synthetic antioxidants 
to retard the lipid oxidation of biscuits was also evaluated during accelerated shelf life 
storage. This is the first study to report aforementioned behaviors of anthocyanins 
from black rice in biscuits during baking and subsequent storage period.  
 
8.2 MATERIALS AND METHODS 
8.2.1 Materials 
Commercial anthocyanin-rich black rice extract powder (ABRP) and 
cyanidin-3-glucoside (Figure 8.1 A) standard were acquired as described in Section 
3.2.1. Plain wheat flour (11% protein, Prima Ltd., Singapore), pure cane sugar (fine 
grain, NTUC Fairprice Cooperative Ltd., Singapore), fine salt (NTUC Fairprice 
Cooperative Ltd., Singapore), and sunflower oil (Naturel, Lam Soon Group, 
Singapore) were purchased from a local supermarket. Baking powder, sodium 
bicarbonate, and ammonium bicarbonate were purchased from Phoon Huat & Co. Pte. 
Ltd, Singapore. DPPH (2,2-diphenyl-1-picrylhydrazyl) and butylated hydroxyanisole 





Figure 8.1 Chemical structure of (A) cyanidin-3-glucoside (PubChem CID: 12303203) 
and (B) BHA (PubChem CID: 8456).  
 
8.2.2 Preparation of Biscuits 
Biscuits were prepared using the method adapted from Sharma and Zhou (2011) with 
slight modifications. Sunflower oil (240 g), water (228 mL), sugar (360 g), sodium 
bicarbonate (6 g), ammonium bicarbonate (12 g), and sodium chloride (12 g) were 
mixed in a mixer (BEAR Varimixer RN-20, Brøndby, Denmark) at low speed for 5 
min. Afterwards, wheat flour (1200 g) and baking powder (3.6 g) were then added and 
continuously mixed for another 4 min to make biscuit dough. Both ABRP and BHA 
were respectively pre-mixed with wheat flour and baking powder, before mixing with 
the rest of other ingredients. ABRP was added at two concentrations, 2% and 4%, of 
the weight of wheat flour. BHA was added at 0.02% of the weight of sunflower oil, 
which is the maximum level permitted in most countries (Manley, 2011). The biscuit 
dough was allowed to rest at room temperature before being sheeted to a thickness of 
3 mm and cutted into rectangular shapes using a 60 × 40 mm biscuit cutter.  
 
Biscuit dough was baked on a baking mesh in an oven (MS01T04-2, Eurofours, 
Gommegnies, France) at 160 °C for 10 min. The temperature profiles of both oven 
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and biscuits during baking were recorded using Type T thermocouples (Version 2.5, 
National Instruments, Budapest, Hungary). Figure 8.2 (left graph) shows the position 
of the Type T thermocouple in biscuits. After baking, biscuits were allowed to cool 
down to room temperature.  
 
8.2.3 Accelerated Shelf Life Storage 
Biscuits were stored in lidded polypropylene boxes (Figure 8.2, right graph) for 5, 10, 
20, and 30 days, in dark incubators (IF30, Memmert GmBH & Co. KG, Schwabach, 
Germany) at 30 and 45 °C. A total of 48 pieces of biscuits were placed in a 3-L lidded 
polypropylene box. The oxygen concentration in each box was circa 18.54%, which 
was more than 4 times higher than the necessary amount (4%) to cause lipid oxidation, 
and therefore the rate of lipid oxidation was independent of oxygen concentration 
(Choe, 2008). Once the storage period was over, biscuits were ground using a food 
chopper (HR1396/55, Koninklijke Philips Electronics NV, Amsterdam, The 
Netherlands) and stored at -20 °C until further use. 
 
8.2.4 Extraction of Lipids 
Lipids in biscuits were extracted according to the method of Calligaris, Manzocco, 
Kravina, and Nicoli (2007). Ground biscuits (50 g) were mixed with extraction 
solvent (1:1 v/v diethyl ether and petroleum ether) at a 4:1 w/v ratio and agitated for 
30 min using an orbital shaker (Heidolph® Rotamax 120, Schwabach, Germany). The 
extraction was repeated for two more times. Afterwards, liquid extracts from the three 
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extraction rounds were combined and filtered through Whatman no. 1 filter paper by 
vacuum suction using a Buchner funnel. The filtrates were subsequently evaporated to 
dryness using a rotary evaporator (Eyela N-1200A, Tokyo, Japan) at 30 °C. Extracted 
lipids were stored in the dark at -20 °C until analysis.  
 
8.2.5 Extraction of Anthocyanins 
Anthocyanins were extracted from biscuits based on the method of Rodriguez-Saona, 
and Wrolstad (2001). Ground defatted biscuits (10 g) were agitated in a centrifuge 
tube for 30 min with 30 mL of acidified methanol (0.5% v/v formic acid). Afterwards, 
the slurry was centrifuged (Eppendorf 5810R, Hamburg, Germany) at 2750 × g for 5 
min. The aforementioned procedure was repeated thrice. After a total of four 
extraction rounds, all the collected supernatants were combined and filtered using 
Waterman no 1 filter paper by vacuum suction. The filtrates were evaporated to 
almost dryness using a rotary evaporator under vacuum at 40 °C followed by making 
up to 10 mL using acidified methanol, and stored at -20 °C until analysis.  
 
8.2.6 Quantification of Anthocyanins 
Anthocyanins were quantified according to the method of Chapter 3.  
 
8.2.7 Mathematical Modelling 
The most dominant anthocyanin in the ABRP was cyanidin-3-glucoside which 
amount was up to 89.6% of total anthocyanins (refer to Chapter 3), and therefore 
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cyanidin-3-glucoside was regarded as an indicator for the changes in total 
anthocyanins. The degradation of cyanidin-3-glucoside during baking and accelerated 
shelf life storage was modeled using a first order model (Eq. 8.1) based on the 




= − 𝑘𝑘𝑑𝑑                                                                                                                           (8.1) 
where 𝑑𝑑𝑡𝑡  is the concentration of anthocyanins in mg/mL at 𝑑𝑑; 𝑑𝑑0  is the initial 
concentration of anthocyanins in mg/mL; and 𝑘𝑘 is the rate constant in s-1.  
 
8.2.7.1 Baking Stage (Non-isothermal) 
The baking of biscuits was a non-isothermal process of which the temperature 
increased and leveled off (Figure 8.2, left graph). Therefore, non-isothermal kinetic 
modelling was performed as described in Section 3.2.5. 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 was chosen to be 348.1 
K (75.1 °C), which was the average value obtained from the range of the temperature 
profile of biscuit core.  
 
8.2.7.2 Accelerated Shelf Life Storage Stage (Isothermal) 
Since the temperature during accelerated shelf life storage was consistent, the 
degradation of cyanidin-3-glucoside was modeled using the isothermal first order 
model accroding to the work of Chapter 3 (Eq. 8.1 and Eq. 8.2).  
𝑘𝑘 = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇
�                                                                                                                 (8.2) 
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where 𝑘𝑘 is the rate constant (s-1); 𝐸𝐸𝑎𝑎 is the activation energy (kJ/mol); 𝑅𝑅 is the 
ideal gas constant (8.314 J∙mol-1·K-1); and 𝑇𝑇 is the absolute temperature (K). 
 
8.2.8 pH Measurement 
The pH of biscuits with added ABRP was monitored during storage according to the 
method of Chapter 6. Ground biscuit (4 g) was mixed with deionised water (40 mL) in 
a centrifuge tube, and the mixture was shaken for 30 min, followed by centrifugation 
at 2750 × g for 5 min. The pH of the supernatant was then measured using a pH meter 
(Orion, Thermo Fischer Scientific, Inc., Massachusetts, USA).  
 
8.2.9 Antioxidant Capacity Analysis 
The antioxidant capacity of biscuits with ABRP during storage was measured using 
the DPPH assay as described in Section 3.2.8. An aliquot (20 μL) of biscuits extracts 
(prepared using the same method in Section 2.5) was mixed with 3.9 mL DPPH 
solution (25 mg/L) and allowed to react at room temperature in the dark for 2 h. At the 
end of reaction, the absorbance was measured at 515 nm using a UV-visible 
spectrophotometer (Shimadzu UVmini-1240, Tokyo, Japan). The antioxidant capacity 
of biscuits extracts was expressed as mg Trolox equivalents/g defatted biscuit.  
 
8.2.10 Peroxide Value Determination 
The peroxide value (PV) was determined according to the AOAC Official Method 
965.33. Briefly, 1-1.7 g of lipids was dissolved in 6 mL of acetic and acid-chloroform 
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mixture (3:2, v/v), followed by adding 0.1 mL of saturated KI solution. This mixture 
was allowed to stand for 1 min with occasional shaking. After which, 6 mL of 
deionised water was added. The resultant mixture was titrated with 0.01 M Na2S2O3 
with vigorous shaking, until yellow color fades. At that point, 0.1 mL 1% starch 
solution was added, and titration was continued until the purple color disappeared. 
The peroxide value was then calculated using following formula. 
PV = 10(𝑙𝑙1 − 𝑙𝑙2)
𝑚𝑚
 
where PV is the peroxide value in milliequivalents (meq) of active oxygen per 
kilogram of lipids, 𝑙𝑙1 and 𝑙𝑙2 are the volume of Na2S2O3 required to discharge color 
from the sample and the blank, respectively, and 𝑚𝑚 is the mass of tested lipids (g).  
 
8.2.11 Statistical Analysis 
All experiments were performed in triplicate. Experimental results were expressed as 
mean ± standard deviation. The significant differences among groups was evaluated 
using one-way analysis of variance (ANOVA) with Tukey’s post-hoc multiple 
comparisons test (P < 0.05) with the help of SPSS software (version 22.0, SPSS Inc., 
IL, USA).  
 
8.3 RESULTS AND DISCUSSION 
8.3.1 The Stability of Anthocyanins 
The optimum kinetic parameters for cyanidin-3-glucoside during baking and 
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accelerated shelf life storage are summarized in Table 8.1. It was assumed that the 𝐸𝐸𝑎𝑎 
of anthocyanin degradation was independent of the surrounding food matrix, and 
equivalent to that in an aqueous system (Wang, Zhou & Jiang, 2008). The 𝐸𝐸𝑎𝑎 value, 
i.e. 87 kJ/mol, of cyanidin-3-glucoside was thus adopted from the previous study in 
which the stability of cyanidin-3-glucoside in an aqueous system was investigated 
(refer to Chapter 3).  
Table 8.1 Kinetic parameters of cyanidin-3-glucoside during baking and accelerated 
shelf life storage 
Baking process 
 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 (s-1) 𝐸𝐸𝑎𝑎 (kJ/mol) 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 (K) 𝑅𝑅𝑅𝑅𝑆𝑆𝐸𝐸 
2% 4.18 × 10-5 87 348.1 4.6 × 10-7 
4% 2.87 × 10-5 87 348.1 6.5 ×10-7 
Shelf-life test 
 𝑘𝑘 (day-1) 𝐸𝐸𝑎𝑎 (kJ/mol) First-order equation 𝑅𝑅2 
30 °C, 2% 0.0274 87 𝑦𝑦 = −0.0274𝑒𝑒 0.9316 
30 °C, 4% 0.0105 87 𝑦𝑦 = −0.0105𝑒𝑒 0.9531 
45 °C, 2% 0.0543 87 𝑦𝑦 = −0.0543𝑒𝑒 0.9832 
45 °C, 4% 0.0338 87 𝑦𝑦 = −0.0338𝑒𝑒 0.9244 
 
 
Figure 8.2 Temperature-time profile of centre of biscuits and of oven. (a) Top view 
and (b) cross-sectional view of biscuit, showing location of thermocouples (right 
graph). Schematic representation of biscuit sample storage in polypropylene boxes for 




During baking, the 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 values at the 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 (348.1 K) of cyanidin-3-glucoside in 
biscuits with 2% and 4% of ABRP were 4.18 × 10-5 and 2.87 × 10-5 s-1, respectively. 
The 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  of cyanidin-3-glucoside in biscuits with 4% ABRP was two times lower 
than that with 2% ABRP. As 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 value is temperature dependent, for an accurate 
comparison, 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  values of cyanidin-3-glucoisde in biscuits with ABRP were 
computed at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 of 405.5 K using Eq. 3.3, i.e. 2.92 × 10-3 and 2.01 × 10-3 s-1 for 2% 
and 4% ABRP, respectively, and were about two times lower than that in an aqueous 
system which was 4.7 × 10-3 s-1 (refer to Chapter 3). Jiménez, Bohuon, Dornier, 
Bonazzi, Pérez and Vaillant (2012) found the 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  of total monomeric anthocyanins 
in a model blackberry juice at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 of 393 K was 3.5 10-3 s-1. In this study, 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟  
values at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟  of 393 K were 1.29 × 10-3 and 8.82 × 10-4 s-1 for 2% and 4% ABRP 
biscuits, respectively. The 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 values were lower by circa three times compared to 
those in a model blackberry juice, which suggested that matrix effects of non-aqueous 
systems may be responsible for the stabilization of anthocyanins. This evidence was 
also supported by the relatively low 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟 values of cyanidin-3-glucoside in bread 
crumb and crust  (2.54 × 10-5 s-1 for crumb at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 338.15 K and 5.25 × 10-4  s-1 for 
crust at 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 398.15 K) (refer to Chapter 6).  
 
During the subsequent accelerated shelf life storage, the degradation of 
cyanidin-3-glucoside followed a first order degradation kinetics. This finding was in 
agreement with previous studies on the degradation of anthocyanins during the 
isothermal storage of strawberry and blackberry juice and concentrate (Garzón & 
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Wrolstad, 2002; Wang & Xu, 2007), blood orange juice (Kirca & Cemeroğlu, 2003), 
and pomegranate juice (Turfan, Türkyilmaz, Yemİş & Özkan, 2012). The 𝑘𝑘 values 
for biscuits with 2% ABRP stored at 30 and 45 °C were 0.0274 and 0.0543 day-1, 
respectively, whereas for biscuits with 4% ABRP were 0.0105 and 0.0338 day-1, 
respectively. The 𝑘𝑘 values for biscuits with 2% ABRP were consistently higher than 
those for biscuits with 4% ABRP.  
 
Sugar is known to affect anthocyanin stability to different extents depending on the 
type of anthocyanin, concentration, and type of sugar (Cavalcanti et al. 2011). Besides, 
sugar has also been reported to stabilize anthocyanins in roselles due to reduced water 
activity or availability (Tsai, Hsieh & Huang, 2004). Nikkhah, Khayamy, Heidari, and 
Jamee (2007) found that 20% sucrose had a protective effect on anthocyanin content, 
while the effect decreased at 40% and 60% sucrose concentrations. Since the 
proportion of sugar in biscuits was 17.46%, the increased stability of 
cyanidin-3-glucoside in biscuits during baking could be due to the presence of sugar. 
The lower degradation rate of biscuits with 4% ABRP may be due to the association 
reactions, which are more likely to occur at relatively high anthocyanin concentrations 
(Andersen & Jordheim, 2001), between anthocyanins (self-association) and between 
anthocyanins and other molecules (intermolecular copigmentation) 
(González-Manzano, Santos-Buelga, Dueñas, Rivas-Gonzalo & Escribano-Bailón, 
2008). The association reactions enhanced the stability of anthocyanin and eventually 
slowed down its degradation, and therefore biscuits with 4% ABRP showed lower 
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degradation rate than biscuits with 2% ABRP.  
 
8.3.2 Change of pH 
pH is one of the key factors affecting anthocyanin stability (Castañeda-Ovando et al. 
2009; Cavalcanti et al. 2011). As shown in Table 8.2, the pH value at the start of the 
accelerated shelf life storage was about 7.2 for both biscuits with 2% and 4% ABRP. 
Throughout storage, for the biscuits with 2% ABRP, pH varied from 7.2-7.5 at 30 °C 
and 7.2-7.6 at 45 °C. For the biscuits with 4% ABRP, the pH range was from 6.9-7.2 
at 30 °C and 6.8-7.2 at 45 °C. Overall, the ranges of pH were narrowly varied by only 
0.3 to 0.4 points under each set of conditions. The previous study found that pH of 5.0 
was a threshold for anthocyanin stability in aqueous solution, where the loss of 
anthocyanins was accelerated (refer to Chapter 3). However, given the 
aforementioned lower degradation rate of anthocyanins in this study, anthocyanins 
were found to be more pH stable in real food matrices other than aqueous systems, 
opening up the possibilities of application of anthocyanins in alkaline foods. 
Table 8.2 pH change of biscuits incorporated with ABRP over storage 
 
Days 
0 5 10 20 30 
30 °C, 2% 7.2±0.05c 7.4±0.02b 7.5±0.03a 7.3±0.04bc 7.3±0.04c 
30 °C, 4% 7.2±0.03a 7.1±0.06a 6.9±0.04b 7.1±0.04a 6.9±0.05b 
45 °C, 2% 7.2±0.05b 7.6±0.02a 7.3±0.03b 7.5±0.05a 7.2±0.05b 
45 °C, 4% 7.2±0.03a 7.1±0.01a 6.9±0.03b 7.1±0.05a 6.8±0.08b 
*Values in the same row followed by different superscript letters are significantly 





8.3.3 Antioxidant Capacity 
As shown in Table 8.3, the antioxidant capacity of biscuits extracts fluctuated within a 
narrow range of about 0.68-0.94 and 1.053-1.149 mg Trolox equivalents/g defatted 
biscuit with 2% and 4% ABRP, respectively. Antioxidant capacity of biscuits extracts 
with 4% ABRP was consistently higher than that of biscuits extracts with 2% ABRP, 
demonstrating the contribution of anthocyanins to antioxidant capacity. An increase in 
storage temperature from 30 to 45 °C did not result in much change in the antioxidant 
capacity of biscuits extracts.  
Table 8.3. Antioxidant capacity (mg Trolox equivalent/g of biscuits) change of 
biscuits incorporated with ABRP measured by DPPH assay 
 
Days 
0 5 10 20 30 
30 °C, 2% 0.849±0.33ab 0.933±0.21a 0.766±0.025b 0.882±0.059a 0.877±0.052a 
30 °C, 4% 1.104±0.023ab 1.067±0.030b 1.149±0.002a 1.078±0.008b 1.111±0.023ab 
45 °C, 2% 0.849±0.033bc 0.775±0.013c 0.926±0.051ab 0.677±0.023d 0.944±0.035a 
45 °C, 4% 1.104±0.023ab 1.056±0.022bc 1.139±0.006a 1.053±0.027c 1.139±0.005a 
*Values in the same row followed by different superscript letters are significantly 
different from each other (P < 0.05).  
 
The slight decrease in antioxidant capacity at a higher temperature was likely due to 
increased lipid oxidation at the higher temperature, resulting in more anthocyanins 
being oxidized in order to scavenge free radicals formed during lipid oxidation, hence 
lower amounts of reduced anthocyanins remained to scavenge DPPH radicals. 
Nevertheless, the overall lack of change in antioxidant capacity over the accelerated 
shelf life storage in spite of anthocyanin degradation suggested that degradation 
products of anthocyanins in biscuits extracts might also have antioxidant capacity. 
This finding was consistent with previous research that 4-hydroxybenzoic acid is a 
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possible thermal degradation product of cyanidin-3-glucoside, which also possesses 
hydrogen donating ability (Patras, Brunton, O'Donnell & Tiwari, 2010).  
 
8.3.4 Peroxide Value Analysis 
Biscuits contain a high level of lipids, which give them characteristic structures, 
eating qualities, and flavours, but consequently biscuits are invariably susceptible to 
the detrimental effects of lipid oxidation (Atkinson, 2011). The changes in PVs over 
storage for lipids extracted from biscuits stored at 30 and 45 °C are shown in Figure 
8.3. Overall, from Day 0 to 30, there were obviously increases in PV at both storage 
temperatures, which could be due to the increasing extent of lipid oxidation. The PV 
of lipids extracted from biscuits stored at 45 °C was much higher than that from 
biscuits stored at 30 °C, which was due to the accelerated rate of lipid oxidation at a 
higher temperature (Laguerre, Lecomte & Villeneuve, 2007). The sharp increases in 
PV were found from Day 20 to 30, which was due to the accelerated rate of lipid 
oxidation during storage. The lipid oxidation process remained slow during the 
initiation step. Afterwards, oxidation accelerated due to low activation energy and 
high rate constant of the reaction between free radicals and triplet oxygen. The 
resultant peroxyl radicals abstract hydrogen atoms from other unsaturated lipid 
molecules and form hydroperoxides, which could be quantified by the PV test, 
simultaneously replenishing free radicals, thus allowing the radical chain reaction to 




Figure 8.3 Changes in peroxide value (PV) over time of lipid extracted from: (A) 
biscuits stored at 30 °C and (B) biscuits stored 45 °C. Values for the same sample 
labeled with different letters are significantly different (P < 0.05).  
 
On Day 30, for both the two storage temperatures, biscuits with added ABRP and 
BHA had significant (P < 0.05) lower PV than the control biscuits without any added 
antioxidants. Even though the PV on Day 5 and 20 for biscuits with 2% ABRP stored 
at 30 °C and on Day 30 for BHA containing biscuits stored for at 30 °C appeared to 
deviate from the trend of PV over time, the overall trend suggested that ABRP, 
especially at a concentration of 4%, was effective in retarding lipid oxidation in 
biscuits, and more effective than BHA (Figure 8.3 A). This trend was especially clear 
in Figure 8.3 B showing that, at the storage temperature of 45 °C, both the biscuits 
with 2% and 4% ABRP showed consistently lower PVs than biscuits with BHA at all 
time-points since the beginning of storage. 
 
8.4 CONCLUSIONS 
The present study has demonstrated that the degradation of cyanidin-3-glucoside in 
biscuits with 2% ABRP was faster than that in biscuits 4% ABRP, but all were much 
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lower than that in an aqueous system. The antioxidant capacity of biscuits extracts 
throughout storage remained at the same level regardless of the degradation of 
anthocyanins. The incorporation of anthocyanins into biscuits can retard lipid 
oxidation, at concentrations of 2% and 4% of the weight of the flour, and was more 





IN VITRO AND IN SILICO STUDIES OF ANTHOCYANINS 
AGAINST PANCREATIC Α-AMYLASE 
 
9.1 INTRODUCTION 
The chronic disease diabetes mellitus is a metabolic disease that is characterized by 
hyperglycemia. Approximately 90-95% of all diagnosed diabetes are Type II diabetes 
mellitus, which is previously called non-insulin-dependent diabetes (American 
Diabetes, 2010). The number of patients with diabetes has sharply risen in both 
developed and developing countries in last few decades. The United States Centers 
for Disease Control and Prevention (CDC) reported that, in the United States, the 
number of people with diagnosed diabetes more than tripled (from 5.6 million to 20.9 
million) from 1980 through 2011 (Control & Prevention, 2013). 
 
The intake of natural antioxidants from fruits and vegetables has been associated with 
health benefits over years (Castañeda-Ovando, Pacheco-Hernández, Páez-Hernández, 
Rodríguez, & Galán-Vidal, 2009). One of the most well-known natural antioxidants 
found in most fruits and vegetables is anthocyanins. Anthocyanins (from Greek, 
anthos means flower, and kyanos means blue) belonging to flavonoids group are 
naturally occurring pigments that are responsible for the orange, red, violet, and blue 
colors observed in nature (refer to Chapter 6). The well-known healthy property of 
anthocyanins is their antioxidant capacity due to their peculiar chemical structure that 
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can react with reactive oxygen species, such as superoxide, singlet oxygen, peroxide, 
hydrogen peroxide, and hydroxyl radical (Bueno, Sáez-Plaza, Ramos-Escudero, 
Jiménez, Fett, & Asuero, 2012). Beyond antioxidant capacity, recent studies have 
drawn more attention to their inhibition activity against digestive enzymes. Matsui, 
Ueda, Oki, Sugita, Terahara, and Matsumoto (2001) found that morning glory 
(Pharbitis nil cv. Scarlett O’Hara) flowers rich in anthocyanins were effective 
inhibitors of human salivary α-amylase. Wiese, Gärtner, Rawel, Winterhalter, and 
Kulling (2009) observed that the activity of porcine pancreatic α-amylase decreased 
with increasing the concentration of cyanidin-3-glucoside. Tsuda, Horio, Uchida, Aoki, 
and Osawa (2003) found that high-fat-diet-induced hyperglycemia, hyperinsulinemia, 
and hyperleptinemia of mice were reduced by feeding mice using diets containing 
purple corn which was rich in cyanidin-3-glucoside. They further suggested that the 
use of anthocyanins as a functional food ingredient may have benefits for the 
prevention of obesity and diabetes. 
 
However, so far studies on the inhibition activities and mechanisms of anthocyanins 
against α-amylase has been very limited, not to mention their molecular interactions 
with pancreatic α-amylase. Thus the aim of this study was to investigate the inhibition 
activity and mechanisms of four anthocyanins against pancreatic α-amylase through 





9.2 MATERIALS AND METHODS 
9.2.1 Materials 
Cyanidin-3-glucoside, cyanidin-3-rutinoside, peonidin-3-glucoside standards were 
purchased from Tokiwa Phytochemical Co., Ltd. (Chiba, Japan). 
Cyanidin-3,5-diglucoside standard was purchased from Chromadex (Irvine, CA, 
USA). Pancreatic α-amylase (type VI-B, from porcine pancreas), corn starch, and 
3,5-dinitrosalicylic acid reagent (DNS) were purchased from Sigma-Aldrich 
(Sigma-Aldrich, St Louis, MO, USA). 
 
9.2.2 Inhibition Activity and Mechanism Study 
The inhibition activity of anthocyanins against α-amylase was determined by 
measuring the reducing power of released oligosaccharide from soluble starch 
according to the method of Miller (1959) with minor modifications. A series of tests at 
varying concentrations of both substrate and anthocyanins were conducted to 
determine inhibition parameters and types. The varying substrate concentrations of 
2.5, 5, 10, and 15 mg/mL were prepared by dissolving corn starch in sodium 
phosphate buffer (SPB, 0.1 M, pH 6.9) followed by gelatinizing the solution at 100 °C 
for 15 min. Similarly, anthocyanin solution concentrations of 0, 1.5, 3, and 6 mg/mL 
were prepared by dissolving anthocyanins in SPB. Porcine pancreatic α-amylase was 
also dissolved in SPB at a fixed concentration of 1 mg/mL. All the SPB was freshly 
prepared prior to each test and fortified with calcium chloride at 40 mg/L as calcium 
is an essential cofactor for α-amylase (Morris, Fichtel, & Taylor, 2011). Aliquots of an 
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α-amylase solution of 20 μL and an anthocyanin solution of 20 μL were mixed in a 2 
mL Eppendorf tube and incubated at 37 °C for 15 min to allow interactions between 
α-amylase and anthocyanins. The reaction was initiated by adding 60 μL of starch 
solution into the mixture and lasted for another 5 min at 37 °C. Afterwards, an aliquot 
of 100 μL of 3,5-dinitrosalicylic acid (DNS) reagent solution was added followed by 
heating in boiling water for 15 min to develop color. The reaction was then stopped by 
cooling down in ice water. The absorbance of the reaction mixture was read at 540 nm 
using a spectrophotometer (UVMini 1240, Shimadzu, Kyoto, Japan). To avoid the 
coloring effect of anthocyanins, the spectrophotometer was blanked respectively for 
different anthocyanin solutions using samples prepared in the same way but replacing 
α-amylase and starch solution with SPB. A control sample was similarly prepared by 
replacing anthocyanin solution with the same amount of SPB.  
 
The type of enzyme inhibition was graphically determined using the Lineweaver-Burk 
plot followed by calculating the inhibition constant (𝐾𝐾𝑖𝑖) through global nonlinear 
regression of all data sets at once using GraphPad Prism software (Intuitive Software 
for Science, San Diego, CA). The inhibition activity (𝐼𝐼𝑑𝑑50) was used to evaluate the 
effectiveness of an inhibitor. 𝐼𝐼𝑑𝑑50 value is defined as the concentration of a test 
substance required to achieve half maximal inhibition of a given reaction. 𝐼𝐼𝑑𝑑50 
values for the four anthocyanins against α-amylase were calculated using the 
Cheng-Prussoff equation (Yung-Chi & Prusoff, 1973) (Eq. 9.1). 
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𝐼𝐼𝑑𝑑50 = 𝐾𝐾𝑖𝑖  �1 + [𝑆𝑆]𝐾𝐾𝑚𝑚�                                                                                                             (9.1) 
where 𝐾𝐾𝑖𝑖 is the inhibition constant, [𝑆𝑆] is the concentration of substrate; and 𝐾𝐾𝑚𝑚 is 
the Michaelis-Menten constant.  
 
9.2.3 In Silico Molecular Docking Study 
To investigate the interactions between the four anthocyanins and pancreatic 
α-amylase, an in silico molecular docking study, which can predict the structure of a 
ligand within the constraints of a receptor binding site (Yuriev & Ramsland, 2013), 
was performed. The three-dimensional structure of porcine pancreatic α-amylase 
complexed with acarbose (PDB ID: 1OSE) was obtained from the online Protein Data 
Bank (PDB). The complexed acarbose was removed using ChemBio 3D Ultra 
software (version: 12.0, Cambridge Soft). The molecular docking was implemented 
using AutoDock Tools (ADT, version: 1.5.6) with the help of AutoDock 4.2 package 
(Autodock 4.2 and Autogrid 4.2). Although including water molecules into docking 
may lead to improvement in pose prediction, it has been suggested that such 
improvement may be system or procedure dependent (Yuriev & Ramsland, 2013). 
Therefore, water molecular was removed from the crystal structure of porcine 
pancreatic α-amylase using the Delete Water function in AutoDock Tools. The 
dimensions of the cubic grid box were set to 126 Å of x, y, and z with a spacing of 
0.375 Å. Blind docking over the whole receptor (i.e. porcine pancreatic α-amylase) 
was carried out using Genetic Algorithm. The AutoDock docking runs were 
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performed on an Intel(R) Core(TM) CPU i7-4700MQ 2.40 GHz processor with 8 GB 
RAM running Linux (Ubuntu 13.0 64-bit) operating system. Since the AutoDock 
software cannot automatically add charges to metal ions, the Ca2+ and Cl- ions present 
in porcine pancreatic α-amylase were manually added with electron charges of +2 and 
-1, respectively. Docking results were re-clustered at a tolerance of 4.0 Å 
root-mean-square deviation, and the conformations of the most favorable binding 
energy in the cluster were selected as the resultant complex structures. PyMOL 
molecular graphics system (PyMOL Molecular Graphics System, CA, USA) was 
applied to better visualize the interactions between ligands and receptors. 
 
9.2.4 Statistical Analysis 
All experiments were conducted at least in triplicate. Experimental results were 
expressed as mean ± standard deviation. Results were analyzed using SPSS (version 
22.0, SPSS Inc., IL, USA) with Tukey’s test at P < 0.05.  
 
9.3 RESULTS AND DISCUSSION 
9.3.1 The Inhibition Type of Anthocyanins 
Anthocyanins are the glycosidic (bound to a sugar moiety) form of aglycone i.e. 
anthocyanidins (Manach, Scalbert, Morand, Remesy, & Jimenez, 2004). Although 
hundreds of anthocyanins have been found in nature, there are merely about 23 
aglycones, of which only six (i.e. cyanidin, delphinidin, petunidin, peonidin, 
pelargonidin, and malvidin) are ubiquitously distributed and cyanidin is the most 
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dominating one (Castañeda-Ovando, Pacheco-Hernández, Páez-Hernández, 
Rodríguez, & Galán-Vidal, 2009; Clifford, 2000; Wu, Beecher, Holden, Haytowitz, 
Gebhardt, & Prior, 2006). The most widespread anthocyanins are 3-monosides, 
3-biosides, 3,5- and 3,7-diglucosides, and the presence of 3-glucoside anthocyanins is 
approximately 2.5 times more frequent than 3,5-diglucoside ones (Kong, Chia, Goh, 
Chia, & Brouillard, 2003). As shown in Figure 9.1, cyanidin-3-glucoside, 
cyanidin-3,5-glucoside, and cyanidin-3-rutinoside possess the same aglycone skeleton, 
but link to different glycosyl moieties at different positions. However, 
peonidin-3-glucoside has a different aglycone skeleton. 
 
Figure 9.1 The structure of anthocyanins (A) cyanidin-3-glucoside; (B) 
cyanidin-3,5-glucoside; (C) cyanidin-3-rutinoside; (D) peonidin-3-glucoside. 
 
The inhibition type of the four anthocyanins was determined by the Lineweaver-Burk 
(double-reciprocal) plots as shown in Figure 9.2. For each anthocyanin, all lines had 
nearly the same y-intercept, while they had different slopes and x-intercepts, 
indicating that the type of inhibition was competitive. In competitive inhibition, the 
156 
  
inhibitor and the substrate mutually exclusively bind to free enzyme, and therefore the 
inhibitor competes with the substrate for the free enzyme (Copeland, 2013). Results 
from this study showed that the presence of another glucose moiety at the 5 position 
of cyanidin-3-glucoside as well as replacing the glucose moiety in the 3-glucoside of 
cyanidin-3-glucoside by a rutinose moiety didn't change the inhibition type. 
Peonidin-3-glucoside also exhibited the same competitive inhibition type as 
cyanidin-3-glucoside, which indicated that changing the backbone from cyanidin to 
peonidin skeleton didn't affect the inhibition type. The competitive inhibition results 
of the four anthocyanins revealed that they all could occupy the active pocket of 
α-amylase that bound to starch, thereby competitively inhibiting α-amylase. 
Cyanidin-3-rutinoside was reported to bind to the active site of pancreatic α-amylase 
(Akkarachiyasit, Yibchok-Anun, Wacharasindhu, & Adisakwattana, 2011); however, 
the same study showed that the inhibition type of cyanidin-3-rutinoside was 
non-competitive where the inhibitor could bind to both free enzyme and 
enzyme-substrate complex (Copeland, 2013). The different inhibition types obtained 







Figure 9.2 Lineweaver-Burk plots of the inhibition type of anthocyanins against 
pancreatic α-amylase. (A) cyanidin-3-glucoside; (B) cyanidin-3,5-glucoside; (C) 
cyanidin-3-rutinoside; and (D) peonidin-3-glucoside. 
 
9.3.2 Inhibition Kinetics Analysis 
α-amylase is the major form of amylase found in human digestion system that 
hydrolyses α-1,4-glycosideic internal bonds of starch, yielding glucose and maltose 
(Gurung, Ray, Bose, & Rai, 2013). The inhibition activities of the four anthocyanins 
against pancreas α-amylase were determined based on the Michaelis-Menton model 




𝑉𝑉𝑚𝑚𝑎𝑎𝐸𝐸[𝑆𝑆] �1 + [𝐼𝐼]𝐾𝐾𝑖𝑖   � + 1𝑉𝑉𝑚𝑚𝑎𝑎𝐸𝐸                                                                                        (9.2) 
where 𝑣𝑣0 is the initial reaction rate; 𝑉𝑉𝑚𝑚𝑎𝑎𝐸𝐸 is the maximum reaction rate; [𝑆𝑆] is the 
concentration of substrate; [𝐼𝐼] is the inhibitor concentration; 𝐾𝐾𝑖𝑖 is the inhibition 
constant; and 𝐾𝐾𝑚𝑚  is the Michaelis-Menten constant. The resultant inhibition 
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constants (𝐾𝐾𝑖𝑖) and 𝐼𝐼𝑑𝑑50 values are listed in Table 9.1. The four anthocyanins were 
found to significantly inhibit pancreatic α-amylase. This agrees with previous reports, 
for example, Islam (2006) showed that polyphenolic extracts enriched in anthocyanins 
from sweet potato (Ipomoea batatas L.) roots were effective inhibitors of human 
α-amylase. 
Table 9.1 Inhibition activity of the four anthocyanins 
Compound 𝐼𝐼𝑑𝑑50 (mM) 𝐾𝐾𝑖𝑖 (mM) Inhibition type 
cyanidin-3-glucoside 0.024±0.003c 0.014±0.001c competitive 
cyanidin-3,5-glucoside 0.040±0.007b 0.020±0.002b competitive 
cyanidin-3-rutinoside 0.031±0.007b 0.019±0.003b competitive 
peonidin-3-glucoside 0.075±0.007a 0.045±0.004a competitive 
* Values were expressed as mean ± standard deviations. Values in the same column 
followed by different superscript letters are significantly different from each other (P 
< 0.05). 
As shown in Table 9.1, cyanidin-3-glucoside was the most effective inhibitor of 
α-amylase followed by cyanidin-3-rutinoside, cyanidin-3,5-glucoside, and 
peonidin-3-glucoside with calculated 𝐾𝐾𝑖𝑖 values of 0.014, 0.019, 0.020, and 0.045 
mM, respectively. The inhibition constant of cyanidn-3-glucoside was significantly (P 
< 0.05) higher than the other three anthocyanins. Similar order of inhibition activity of 
the four anthocyanins was also drawn from 𝐼𝐼𝑑𝑑50  values, in which 
cyanidin-3-glucoside was the most effective inhibitor with the lowest 𝐼𝐼𝑑𝑑50 value of 
0.024 mM, followed by cyanidin-3-rutinoside (0.031 mM), cyanidin-3,5-glucoside 
(0.040 mM), and peonidin-3-glucoside (0.075 mM). The more effective inhibition of 
cyanidin-3-glucoside against porcine pancreatic α-amylase compared to other types of 
anthocyanins was also reported by Akkarachiyasit et al. (2010), in which 
cyanidin-3-glucoside showed higher inhibition than cyanidin-3-galactoside and 
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cyanidin-3,5-glucoside. Upon the introduction of another glucose moiety at the 5 
position of cyanidin-3-glucoside or the replacement of 3-glucoside with 3-rutinoside, 
the inhibition activity significantly decreased (Table 9.1). In addition, the change of 
backbone from cyanidin to peonidin skeleton also lowered the inhibition activity. 
Therefore, these results indicated that the sugar moiety at the 3 position of cyanidin 
played an important role in modulating the inhibition of cyanidin-3-glucoside against 
pancreatic α-amylase, and the highest inhibition activity was found when cyanidin 
was attached with a glucose moiety at the 3 position. 
 
9.3.3 Molecular Docking Studies 
The structure of porcine pancreatic α-amylase is composed by three distinct domains: 
domain A, the largest, containing ~330 residues (residues 1-100 and 169-407) that 
fold into the typical (α/β)8 barrel, domain B (residues 101-168), and domain C 
(residues 408-496) (Buisson, Duée, Haser, & Payan, 1987). The active site of 
α-amylase is characterized by several side chains, ARG61, ASP165, ASP197, LYS200, 
GLU233, ASP236, ASP300, and a number of aromatic or non-polar residues, TRP58, 
TRP59, TYR62, HIS101, PRO163, IIE235, TYR258, HIS299, HIS305, and ALA307 
(Buisson, Duée, Haser, & Payan, 1987; Larson, Day, & McPherson, 2010). The active 
site of α-amylase lies in a deep depression near its center, which is also referred to as 
the binding cleft and characterized by residues ASP197, ASP300, and GLU233 
(Larson, Day, & McPherson, 2010). As shown in Figure 9.3, all the four anthocyanins 




Figure 9.3 Molecular docking mode for anthocyanins with α-amylase. The pancreatic 
α-amylase is shown in surface view, and anthocyanins are shown as sticks. (A) 
cyanidin-3-glucoside; (B) cyanidin-3,5-glucoside; (C) cyanidin-3-rutinoside; and (D) 
peonidin-3-glucoside. 
 
Cyanidin-3-glucoside was surrounded by LYS200, GLU233, GLU240, ILE235, 
HIS305, and GLY306. Cyanidin-3,5-diglucoside was surrounded by LYS200, 
GLU233, GLU240, ILE235, HIS305, GLY306, and ASP300. Cyanidin-3-rutinoside 
was surrounded by LYS200, GLU233, GLU240, and TYR151. Peonidin-3-glucoside 
was surrounded by LYS200, GLU233, GLU240, ILE235, and GLY306. Acarbose, 
which is a well-known anti-diabetic drug to treat Type II diabetes through inhibiting 
digestive enzymes, was found to anchor at the catalytic site of α-amylase and bind to 
residues ASP197, GLU233, and ASP300, resulting in a strong inhibition of human 
α-amylase (Maurus, Begum, Williams, Fredriksen, Zhang, Withers, et al., 2008). 
Brayer, Sidhu, Maurus, Rydberg, Braun, Wang et al. (2000) reported that the catalytic 
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activity of human pancreatic α-amylase was decreased by ~103 fold if the side chains 
of either ASP300 or GLU233 was substituted. Based on the previous findings and the 
molecular docking results of this study, it could be concluded that the inhibition 
activity of all the four anthocyanins against pancreatic α-amylase might be 
implemented through binding to the side chain of GLU233, the common residue 
found for all the inhibitors. It is interesting to note that the slight difference of 
chemical structure between peonidin and cyanidin skeletons, in that peonidin has a 
methyl group attached to one of the two hydroxyl groups on the B ring, didn't affect 
the number and types of surrounding residues, i.e., their skeletons bound with the 
same residues; however, the glucose moiety on the 3 position of cyanidin additionally 
bound with the side chain of HIS305. When comparing the molecular docking results 
among the four anthocyanins, only cyanidin-3-rutinoside failed to bind to the side 
chain of ILE235. The glycoside of cyanidin-3-rutinoside is composed of a rhamnose 
molecue attached to a glucose one. It was hypothesized that the absence of ILE235 
residue could be due to the disaccharide glucoside of cyanidin-3-rutinoside. The 
addition of monosaccharide or disaccharide affects the polarity of anthocyanins and 
different glycosides change the chemical structure of anthocyanins, and either of them 
may enhance or reduce the inhibition activity of anthocyanins (Akkarachiyasit, 
Yibchok-Anun, Wacharasindhu, & Adisakwattana, 2011; Kähkönen & Heinonen, 
2003). The binding energy and number of hydrogen bonds of the four anthocyanins 




Table 9.2 Molecular docking results 
Compound Bind energy (kcal/mol) Number of hydrogen bonds 
cyanidin-3-glucoside -6.75 7 
cyanidin-3,5-glucoside -7.15 8 
cyanidin-3-rutinoside -6.53 8 
peonidin-3-glucoside -7.46 7 
Cyanidin-3,5-diglucoside and cyanidin-3-rutinoside formed eight hydrogen bounds 
with pancreatic α-amylase, whereas cyanidin-3-glucoside and peonidin-3-glucoside 
formed seven hydrogen bonds with the enzyme. Peonidin-3-glucoside had the lowest 
binding energy of -7.46 kcal/mol followed by cyanidin-3,5-glucoside (-7.15 kcal/mol), 
cyanidin-3-glucoside (-6.75 kcal/mol), and cyanidin-3-rutinoside (-6.53 kcal/mol). A 
lower binding energy means that the ligand is easier to bind with the protein. Hence, 
peonidin-3-glucoside was more likely to bind with pancreatic α-amylase. However, 
cyanidin-3-glucoside exhibited the highest inhibition activity among the four 
anthocyanins, which was about 2.4 times higher than that of peonidin-3-glucoside. 
Therefore, these results suggested that in the inhibition process of anthocyanins 
against pancreatic α-amylase, a lower binding energy doesn’t necessarily lead to a 
higher inhibition activity, i.e., the inhibition activity of an anthocyanin is affected by 
not only binding energy, but also the chemical structure and glucoside type of an 
anthocyanin. Besides, molecular docking studies are usually carried out under a 
theoretical vacuum condition, which deviates from real experimental conditions.  
 
9.4 CONCLUSIONS 
The four anthocyanins all showed competitive inhibition against pancreatic α-amylase. 
They demonstrated different inhibition activities, among which cyanidin-3-glucoside 
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had the highest one. The molecular docking study showed that all the four 
anthocyanins occupied the active site of pancreatic α-amylase forming hydrogen 
bonds. GLU233 was found to be the common key side chain for imparting the 
inhibition activity of all the four anthocyanins. Results obtained from this study would 
help to reveal the structure-activity relationships of anthocyanins for a better design of 
novel functional foods with slow-releasing sugars, thereby lowering the risk of 





CONCLUSIONS AND RECOMMENDATIONS 
 
10.1 CONCLUSIONS 
In the present study, impact of food processing on the stability of anthocyanins was 
systematically investigated. The stability of two important individual anthocyanins, 
cyanidin-3-glucoside and cyanidin-3rutinoside, as the focus of this study, was 
examined and modeled in aqueous and semi-solid (bread and biscuits) systems. 
Meanwhile, changes in the antioxidant capacity of anthocyanins and 
anthocyanins-containing foods were also evaluated. 
 
Cyanidin-3-glucoside and cyanidin-3-rutinoside showed different degradation rates 
and kinetic parameters, which may be due to the differences in their chemical 
structures. Cyanidin-3-rutinoside showed higher stability than cyanidin-3-glucoside in 
both aqueous and semi-solid (bread and biscuits) systems. Both temperature and pH 
showed dramatic impacts on the stability of cyanidin-3-glucoside and 
cyanidin-3-rutinoside. The increase of temperature exhibited a stronger impact on the 
stability of cyanidin-3-glucoside and cyanidin-3-rutinoside than the increase of pH. A 
transition pH range for the two anthocyanins was found that the loss of the two 
anthocyanins was accelerated at pH 5.0 or 6.0. The antioxidant capacity of the 





Anthocyanin aqueous solutions with or without a thermal treatment showed excellent 
color and chemical stability at the storage temperature of 4 °C. Increasing storage 
temperature to 65 °C yielded a decay in both color and anthocyanin concentration 
over storage. Anthocyanin aqueous solutions heated at higher temperatures were more 
easily lost color throughout storage. Higher thermal treatment (120 or 140 °C) and 
storage (45 or 65 °C) temperatures sharply reduced the antioxidant capacity of 
anthocyanin aqueous solutions. 
 
The degradation of cyanidin-3-glucoside and cyanidin-3-rutinoside during bread 
baking was modeled. The anthocyanins in the bread system showed lower degradation 
rates than that in aqueous systems. In bread system, cyanidin-3-rutinoside showed 
higher stability than cyanidin-3-rutinoside. After baking, the antioxidant capacity of 
crumb decreased, while an increase was observed in the crust. 
 
Through developing a mathematical model, the trajectory of bread fortified with 
ABRP digestion course was successfully modeled, which showed that fortification of 
ABRP reduced the digestibility rate of bread. Hence, anthocyanins fortification may 
provide new opportunities to produce functional bread by slowing down its digestion 
rate, thereby providing extra health benefits to consumers. 
 
The degradation of cyanidin-3-glucoside in biscuits with 2% ABRP was faster than 
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that in biscuits 4% ABRP, but all were much lower than that in an aqueous system. 
The antioxidant capacity of biscuits extracts throughout storage remained at the same 
level regardless of the degradation of anthocyanins. The incorporation of 
anthocyanins into biscuits could retard lipid oxidation, at concentrations of 2% and 4% 
of the weight of the flour, and more effective than BHA.  
 
The four anthocyanins, cyanidin-3-glucoside, cyanidn-3-rutinoside, 
cyanidin-3,5-glucoside, and peonidin-3-glucoside, showed competitive inhibition 
against pancreatic α-amylase. The four anthocyanins showed different inhibition 
activities, among which cyanidin-3-glucoside was the highest one. Molecular docking 
study showed all the four anthocyanins occupied the active site of pancreatic 
α-amylase forming hydrogen bonds. GLU233 was found to be the key chain side for 
implementing the inhibition activity of all the four anthocyanins. 
 
10.2 RECOMMENDATIONS FOR FUTURE WORK 
(a) Results of Chapters 3, 4, and 5 indicated that the antioxidant capacity of 
anthocyanins in aqueous system before and after thermal treatments was retained at a 
similar level. The degradation products of anthocyanins were suspected to retain the 
antioxidant capacity of anthocyanins (Slavin, Lu, Kaplan, & Yu, 2013). However, the 
mechanisms of anthocyanins breakdown are still incompletely understood to date, not 
to mention their degradation products. A further study on the identification and 
characterization of degradation products of anthocyanins is strongly recommended. A 
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suggested experimental plan is to use an pure individual anthocyanin with a high 
purity in a highly controlled system, as impurities in an anthocyanins-containing 
system may significantly influence their degradation. 
 
(b) Anthocyanins exhibited slower degradation rates in a semi-solid food matrix 
compared to aqueous systems (Chapters 6 and 7). The semi-solid food matrix is thus 
suspected to have a stabilizing function to anthocyanins. However, further research 
needs to be carried out to identify the compounds in the semi-solid food system that 
are responsible for stabilizing anthocyanins as well as the interactions between 
anthocyanins and the food matrix.  
 
(c) Anthocyanins have been incorporated in bread and biscuits (Chapters 6, 7, and 8), 
and the digestibility of bread incorporated with anthocyanins has further been studied 
in Chapter 7. Nevertheless, the biological accessibility of foods incorporated with 
anthocyanins has rarely been studied, and could be of great interest to be further 
examined through in vitro and in vivo digestion studies. 
 
(d) Even though this project has shown that bread and biscuits incorporated with 
anthocyanins may provide extra health benefits, it will also be necessary to conduct 
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